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Abstract 
 
The initial demonstrations of polymer organic light emitting diodes1 and polymer field-effect 
transistors2 in the late 1980s opened up the field of research in organic semiconductors. This led to 
massive influx of research efforts into organic light emitting diodes (OLEDs),3 field-effect transistors 
(OFETs),4,5 and photovoltaics (OPV)s.6  The research field of organic conductors started a little 
earlier, with much emphasis put into developing highly-conductive degenerately-doped polymers 
such as polyacetylenes,7,8 polyanilines,9 and polythiophenes.10  In the late 1990s, Bayer Research 
successfully developed a remarkable polythiophene derivative, poly(3-4,-ethylenedioxythiophene) 
complexed with poly(styrenesulfonic acid) (PEDT:PSSH),11,12 that is readily processable from 
aqueous solution, stable in air, has excellent thermal stability, and suitable for hole-injection into of 
organic semiconductor devices.  These and other advantages over earlier conducting polymers 
entrenched PEDT:PSSH as the material-of-choice for the hole-injection layer in OLEDs, hole-
collecting layer in OPVs and interconnects for OFETs and organic circuits for nearly two decades 
now.13-15  
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In this thesis, we discuss several new aspects of the behavior of PEDT:PSSH. In chapter 1, we 
summarize the optical and electronic properties of PEDT:PSSH and its various roles in organic 
semiconductor devices, which forms the background for this thesis work.  
 
In chapter 2, we show that despite its known environmental stability, PEDT:PSSH exhibits an 
instability of its redox-state during charge transport.  This originates from an imbalance in the hole 
injection and extraction rates at the interfaces, which gives rise to reduction of the doping level in 
PEDT:PSSH (i.e., a form of “electron damage”) at large applied electric fields.  We have 
characterized this process using Raman, infrared, charge-modulation, and impedance 
spectroscopies.  This instability has an electrochemical origin, which can be suppressed by 
exchanging the acidic H+ with the neutral tetramethylammonium cation.  
 
In chapter 3, we describe evidence for electromigration of doped PEDT chains in the PSSH matrix 
at high current densities.  The evidence came from X-ray photoelectron spectroscopy of the 
PEDT:PSSH/ organic semiconductor interface exposed by delamination.  This leads to a gradual 
accumulation of doped PEDT chains at the interface with the organic semiconductor.  We show 
that with suitable crosslinking of the PEDT:PSSH, this process can be suppressed.   
 
In chapter 4, we demonstrate the electrical instability arising from injection-dedoping of PEDT can 
be reversed with chemical re-doping, and hence a simple chemically-erasable read-only memory 
can be fabricated.   We measured using transient current–voltage experiments that this electrical 
dedoping occurs on a time scale of milliseconds.    
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In chapter 5, we address a fundamental aspect of the work-function of PEDT:PSSH.  We show that 
contrary to conventional wisdom, the work-function of PEDT is strongly determined by the 
Madelung potential of the local ion structure in which the hole carriers are embedded.  Hence the 
work-function can be tuned by over 1 eV simply through control of the spectator ions.  This opens 
new possibilities for the development of ultra-high and ultra-low work-function hole-injecting organic 
conductor materials. 
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Chapter 1 
 
1.1 Introduction 
 
Organic conductors and semiconductors are made of primarily of a backbone of alternating 
carbon–carbon single bonds and carbon–carbon double bonds of which the π electrons from the pz 
orbitals are delocalized over the backbone.16 The presence of π-conjugation lower the π–π* gap, 
allowing for semiconductors with π–π* gap from ~0.5 electron volts (eV) to ~4 eVs. Polyacetylene, 
a simple polymer with the repeat unit of (CH)n was found to give large direct current (dc) 
conductivities (up to 105 S cm-1) upon suitable oxidation by halogens.8,17 However, polyacetylene 
was easily oxidized in air and difficult to process and hence never become viable in the field of 
organic electronics. Poly(3-4,-ethylenedioxythiophene) doped with poly(styrenesulfonic acid) 
(PEDT:PSSH) was the most promising conducting polymer to emerge in the late 1980s. 
 
 
1.2 Synthesis of PEDT:PSSH 
 
A well defined route to synthesizing PEDT:PSSH involves the oxidative polymerization of the 
ethydioxythiophene (EDT) monomer using sodium peroxodisulfate as the oxidant in the presence 
of polystyrene sulfonic acid (PSS). The presence of the PSS is to act as a charge balancing 
counter ion as well as to keep the PEDT segments dispersed in an aqueous solution. The PEDT 
segments formed during the polymerisation are rather short with oligomer-like lengths of ~12–20 
repeat units in each oligomer while the PSSH has repeat units in the hundreds which forms the 
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template of the polymer (figure 1.1.b).13,15,18 Upon polymerization, PEDT chains adhere strongly to 
the PSSH via ionic bonding between the positively charged PEDT+ and the negatively charged 
PSS-, the PEDT and PSSH segments are inseparable even via capillary electrophoresis.19 The 
doped PEDT chain has a doping level of ≈0.3 charge/ring from X-ray photoelectron studies20 and 
Raman spectroscopy.21  A core-shell morphology with a PEDT core surrounded by PSSH has 
sometimes been assumed.20 However, it has been shown that PEDT:PSSH can be assembled in a 
layer-by-layer grafting method in OLED devices22 and PEDT:PSSH shows conductivity in low 
percolation levels of down to 4vol% of PEDT.21 Electrical conductivity measurements of 
PEDT:PSSH has also suggested that PEDT:PSSH forms network rather than core-shell type 
morphology.23 A schematic of PEDT:PSSH is shown in Figure 1.1. PEDT:PSSH has good film-
forming properties with high visible light transmissivity24 and can be heated in air at 100 deg 
Celsius for over 1000h with minimal change in conductivity.13 Upon solution processing, 
PEDT:PSSH forms a homogenous film with dc conductivities ranging from 10-5 S cm-1 to ~102 S 
cm-1. The range of dc conductivities depend on the volume proportion between the conducting 
PEDT and the insulating PSSH.21 DC conductivities also depend on the processing conditions of 
the PEDT:PSSH solutions and post-treatment of the deposited films.25,26 
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Figure 1.1a Schematic of PEDT:PSSH. There is ~0.3 charge per ring on the PEDT segments, balanced by a –SO3– 
counter ion. 
 
 
 
 
 
Figure 1.1b Schematic of PEDT:PSSH chain in solution state with PEDT oligomer chains tightly bound to the PSS 
backbone. 
PSS chain 
PEDT oligomer 
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1.3 Properties of PEDT:PSSH 
 
1.3.1 Optical properties of PEDT:PSSH from Ultraviolet-visible (UV-vis) absorption 
spectroscopy and Fourier Transform Infrared (FTIR) spectroscopy 
 
The energy of a molecule consists partly of translational, rotational, vibrational and electronic 
energy. Electronic energy transitions would give rise to absorption or emission in the UV or visible 
regions. Pure molecular rotation energy gives rise to absorption in the microwave region. 
Vibrational energy results in the absorption in the infrared region. All vibrations which are 
symmetrical with respect to the center are IR active.27 
 
PEDT is a derivative of the family of polythiophenes. Neutral PEDT has a π−π∗ gap of ~2 eV. 14 
During polymerization in aqueous solution polyelectrolyte PSSH, the PEDT is doped by 
counterions of PSS-. This doping relaxes the backbone of the PEDT chain and introduces subgap 
states with absorption in the order of 0.5 eV. These subgap states  from either single charged 
polaron (P+) and bipolaron (BP2+) states which are well-established in solution state for singly- and 
doubly-charge oligomers in the solution state.28 However, the situation of long chains and 
especially in the solid state is still unclear. Direct probe of the π−π∗ transitions of PEDT:PSSH can 
be done using UV-vis absorption spectroscopy while FTIR spectroscopy allows for the observation 
of the polaron bands in the subgap region. The analysis of the doping of PEDT:PSSH does not 
depend on the distinction between polarons and bipolarons. Figure 1.3 shows a combined plot of 
the normalized absorption of p-doped PEDT:PSSH in both the mid-infrared (Mid-IR) to the UV-
Visible region. The polaron band starts rising in the visible region around ~1.5 eV and peaking at 
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around ~0.5 eV. At the infrared region, the infrared spectra shows features of the p-doped PEDT 
with broad bands at 1520, 1315 and 1190 cm–1 due to the large absorption cross-sections of the p-
doped PEDT infrared active vibration (IRAV) modes.29  The –SO3– vibrations27 of PSS– at 1173 (νas 
SO3), 1127 (ν φ–S), 1037 (νs SO3) and 1008 cm–1 (ring CH in-plane bending), discernible as 
shoulders or weak peaks above the PEDT background, confirm the presence of PSS–.   
 
 
Figure 1.2 Energy levels of p-doped PEDT:PSSH. a) Neutral PEDT has a LUMO–HOMO gap of ~2 eV. b) Polaron 
with occupied states in the subgap (solid arrows). Allowable transitions (dotted arrows). c) Polarons with energies 
smeared out forming bands. 
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Figure 1.3 Normalized absorption of PEDT:PSSH in solid state with respect to the energy of incident photons. Inset: 
A magnified observation of the infrared-active-vibrations (IRAV) of doped p-PEDT:PSSH. Data is stitched from FTIR 
measurements in the mid to near IR and UV-vis measurements from 1.3 eV onwards. 
 
 
1.3.2 Redox potential of PEDT:PSSH from Raman spectroscopy 
 
Besides electronic, rotation and translational energy, a molecule has vibrational energy which can 
be probed using Raman spectroscopy. A laser is normally used to excite a molecule, which can 
elastically scatter the incident photons resulting no change in the wavelength of the incident light 
(Rayleigh scattering). The exciting photons may interact with the molecules and scatter the 
photons with energy differing in quantized increments according to the phonon modes of the 
molecules. All vibrations which are asymmetrical with respect to the center are Raman active.  
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For PEDT:PSSH, the band shape and intensity of the ring-breathing modes at 1200–1500 cm–1 are 
sensitive to the doping level. The full-width-at-half-maximum (fwhm) of the 1426 cm–1 mode, and 
the intensities of the 1255 and 1267 cm–1 modes determined to be useful to determine the doping 
levels in PEDT:PSSH.30 An example of the Raman spectrum of p-doped PEDT:PSSH is shown in 
Figure 1.4. 
 
 
 
Figure 1.4 Raman spectrum of a PEDT:PSSH film on a spectrosil. Sample was excited with a 514nm laser and 
elastic scattering was rejected by a holographic filter. Raman shifts due to ring-breathing modes can be seen from 
1200 to 1500 cm–-1. 
Int
en
sit
y 
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1.3.3 Conductivity  measurements of PEDT:PSSH 
 
The 4-point probe technique of measuring conductivity of materials ensures accurate extraction of 
conductivity by allowing the contact resistances to be removed. All conductivity measurements in 
this thesis are done on 4 point probes with lithographically pattern electrodes of chromium and gold 
(thickness of 5nm and 50nm respectively) on glass substrates. A set of increasing current is sent 
via the outer electrodes and the corresponding voltages are read between the inner electrodes. 
Conductivity can be extracted via the equation 
dWV
LI
××
×
=σ , σ  is conductivity in S cm–1, I and V 
are current and voltage respectively, L and W refers to the length and width of the channel of 
conduction. d is the thickness of the film. This allows for the contact resistance at each electrode to 
be neglected. A schematic is shown in figure 1.5.  
 
Figure 1.5 A schematic of a 4-point probe substrate. L and W used are 50µm and 250µm respectively.  
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1.3.4 Determination of composition of the surface of PEDT:PSSH using X-ray 
Photoelectron Spectroscopy 
 
X-ray photoelectron spectroscopy (XPS) is a surface analysis technique accomplished by 
irradiating a sample with monoenergetic soft X-rays. During the process, electrons are emitted and 
the energy of the detected electrons is analyzed. Mg Kα (1253.6eV), Al Kα (1486.6eV), or 
monochromatic Al Kα (1486.7eV) X-rays are usually used. The X-rays have penetrating power in a 
solid on the order of 1-10 µm. They interact with atoms on the surface of the sample, causing 
electrons to be emitted by photoelectric effect. The emitted electrons have kinetic energies given 
by KE=hυ-BE-φs where hυ is the energy of the photon, BE is the binding energy of the atomic 
orbital from which the electron originates, and φs is the spectrometer work function. 
 
The binding energy may be regarded as the energy difference between the initial and final states 
after the photoelectron has left the atom. The Fermi level corresponds to zero binding energy and 
the depth beneath the Fermi level indicates the relative energy of the ion remaining after electron 
emission, or binding energy of electron. The p, d and f levels split upon ionization, leading to p1/2, 
p3/2, d3/2, d5/2, f5/2 and f7/2. The spin-orbit splitting ratio is 1:2, 2:3 and 3:4 for p, d and f levels 
respectively. 
 
Since different elements have their characteristic set of binding energies, XPS can be used to 
identify and determine the concentration of the elements on the surface of a sample. Differences in 
the binding energies of the elements are due to differences in chemical potential of compounds. 
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These binding energy shifts can be used to determine the chemical states of the materials being 
analyzed. 
 
Probabilities of electron interaction with matter exceed those of the photons, so while the path 
length of the photons is of the order of µm while that of the electrons is of order of tens of Å. Thus, 
only electrons that originate within the first few angstroms of the sample surface can leave the 
surface without energy loss. These electrons produce the peaks in the spectra. The electrons that 
undergo inelastic interaction before emerging from the sample form the background.31 
  
An example of a XPS spectrum the S2p binding energy of 30 vol% PEDT:PSSH is shown in figure 
1.6.  
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Figure 1.6 S2p core-level XPS spectrum of 30vol% PEDT:PSSH. Excitation: Mg Kα, θ=90°, and resolution of 1.0eV. 
Spectrum has been background corrected and fitted with known band shape of PEDT+ (Blue dashed line), PSS- (Green 
dashed line) and PSSH (Purple dotted line). 
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1.3.5 Determination of work function of PEDT:PSSH using Ultra-violet Photoelectron 
Spectroscopy  
 
Ultraviolet photoelectron spectroscopy (UPS) is a surface analysis technique that is used to study 
the band structure such as density of states and work function of material. It has been found that 
UPS is very useful to determine the energy levels of organic interfaces.32-34 UV radiation obtained 
by high voltage gas discharge of helium gas is used to knock out electrons. The energy of the 
incident UV radiation (hυ) is 21.21 eV. The kinetic energy (KE) of the emitted photoelectrons is 
dependent on the binding energy of the electrons. It is given by KE= hυ – φ – Binding energy (BE). 
The advantage of using such UV radiation over x-rays is the very narrow line width of the radiation 
and the high flux of photons available from simple discharge sources. φ is the workfunction of the 
material. 
 
Conductive substrates are used for UPS so as to provide a conducting surface to avoid sample 
charging which would result in shifting of the binding energy values. The samples are irradiated by 
UV in an ultra high vacuum chamber and the resulting photoelectrons go on to an electron analyzer. 
This is useful while studying the secondary electron cascade where electrons have near zero 
kinetic energy. 
 
A typical UPS spectrum of 30 vol% PEDT:PSSH is shown in Figure 1.7. The low energy cut off and 
the take off at the Fermi edge are shown. The Fermi energy is determined from the UPS spectra of 
a metallic sample, usually Au or Ag. There is a finite density of states at the Fermi level which is 
seen as a step, referred to as the Fermi step. 
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Sample work function 
φ = hυ – (Ef – ELECO) 
  ELECO = Low energy cut off 
  Ef          = KE of Fermi electrons 
   hυ        = 21.21 eV for Helium I 
 
Figure 1.7 UPS spectral of  gold (a) and 30 vol% PEDT:PSSH (b) to (d). All samples are biased -10V with respect to 
the detector (a) Fermi-step of gold. (b) Log-linear plot of photoelectron counts against the full spectrum KE of 
photoelectrons. (c) Low-energy cut-off electrons of PEDT:PSSH. (d) Linear-linear plot of counts against KE illustrating 
states at the Fermi level of PEDT:PSSH. Work function of PEDT:PSSH= ~5.1 eV. (Figure 1.7 was collected by Siva) 
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1.4 Applications of PEDT:PSSH 
 
1.4.1 PEDT:PSSH as the hole injector in organic light emitting diode (OLED) 
 
The most basic organic light emitting diode (OLED) would consist of a cathode, an emissive layer, 
and an anode in a sandwich structure (Figure 1.8). 
 
Anode
Emissive layer
Cathode
 
Figure 1.8 
 
During the early stages of the development of OLED, a popular anode used was indium tin oxide 
(ITO). ITO is largely transparent in the visible region and it usually coated onto glass via sputtering. 
The emissive layer can consist of organic small molecules (deposited via thermal evaporation), 
oligomers (deposited via thermal evaporation or solution processing) or polymers (deposited via 
solution processing). The emissive layer is usually a semiconducting material with a π–π* gap of 1-
5 electron volts (eV). A device would be complete with the deposition of a cathode contact, usually 
via thermal or electron-beam evaporation of low work function metals such as calcium, aluminum 
and magnesium.35 
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Figure 1.9 A typical flat-band energy level diagram an OLED. Anode usually consists of the transparent ITO. 
PEDT:PSSH acts as the hole injecting layer. The Emissive layer (EL) is usually a semiconductor with π–π* gap of ~ 1-
5 eV. Electron injecting cathode is usually of low work function. 
 
Upon a negative bias on the cathode larger than the built-in potential, electrons are injected into 
the lowest unoccupied molecular orbital (LUMO) of the emissive layer and holes are injected from 
the PEDT:PSSH into the highest occupied molecular orbital (HOMO) of the emissive layer. The 
columbic interaction between pair of opposite charge would pair up to give rise to an exciton. The 
exciton may decay radiatively to give out an electron with the energy corresponding to the 
difference in the LUMO–HOMO gap. A comprehensive study of OLEDs can be found in the review 
by Friend et al.3 
 
PEDT:PSSH was used to great effect as a hole injecting layer between the ITO and the emissive 
layer, giving rise to better quantum efficiencies.36-38 The surface of ITO-coated glass has been 
known to be rough, and PEDT:PSSH is known to planarize the ITO surface.15 ITO has a work 
function of 4.9 eV ± 0.2eV depending on the conditions upon deposition while PEDT:PSSH has a 
work function of 5.1eV ± 0.1eV. These are several possible explanations over why OLEDs with 
PEDT:PSSH show better efficiencies than those without; including PEDT:PSSH planarizing the 
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ITO surface,36 energy alignment/Fermi-level pinning39 and electron blocking effect by the insulating 
PSS at the surface of PEDT:PSSH.40 With the application of PEDT:PSSH over ITO, there was 
marked improvement of efficiency in OLEDs and PEDT:PSSH has become the mainstream 
material as the hole injecting layer in OLEDs. 
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1.4.2 PEDT:PSSH as the hole extractor in organic photovoltaic (OPV) 
 
The organic photovoltaic is essentially an organic light emitting diode (OLED) cell connected in a 
reverse direction. However, it was found that the efficiencies of single layer OPV device was poor 
due to the columbically-bound electron-hole pairs (excitons) which were generated during photo-
excitation. Separation of photo-excited excitons is critical to the efficiency of OPVs. The use of two 
layers of materials with different energy offsets in the LUMO and HOMO has been successful to 
dissociate these bound excitons,41-43 An example of a two-layer cell is shown in Figure 1.10. 
PEDT:PSSH has been used as the default hole extractor after the success of PEDT:PSSH as the 
hole injector in OLEDs. 
 
Figure 1.10 Simplified energy level diagram of a ‘type 2’ heterojunction organic photovoltaic cell with donor and 
acceptor materials having an offset between its HOMO and LUMO levels. PEDT:PSSH here acts as the hole extractor 
upon the dissociation of the columbically bound exciton at the interface between the donor and acceptor materials. 
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1.4.3 Hole conductor in organic field effect transistors (OFET) 
 
Organic field effect transistors are 3-terminal devices consisting of a gate, source and drain 
contacts (schematic in Figure 1.11), with an insulating dielectric and a semiconductor as the 
channel. The gate, source and drains are made usually inorganic metals or conducting polymers. 
The dielectric can be made of inorganic materials or organic insulators while the channel consists 
of organic materials. The conductance of the channel is modulated via the electric field applied at 
the gate.44 The transistor will switch on when the voltage applied on the gate goes above a 
threshold level.  
 
PEDT:PSSH has been used successfully as the gate contact of an ‘all-printed’ OFET and as well 
as PEDT: PSSH combination of surface modified gold nanoparticles to give highly conducting 
source drain electrodes.45 Decent transfer characteristics of the transistor are given in Figure 
1.12.c. 
 
 
Figure 1.11. 
Schematic of a typical OFET. 
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Figure 1.12 (a)  Optical micrograph of all-printed polymer organic p-FET with current-carrying nano-Au–PEDT as 
source drain electrodes and PEDT as gate electrode, TFB semiconductor, and cross-linked BCB gate dielectric.  The 
channel (L = 30 µm; w = 400 µm) is formed by stylus micro-cutting.  (b) Cross-sectional view of the layers across X–X’.  
(c)  Logarithmic output characteristics of the device.  Inset: Transfer characteristics of the device.  Measured hole 
mobility is 4x10–4 cm2V–1s–1, which is similar to conventional diagnostic devices fabricated on lithographically patterned 
Au source-drain arrays. (Figure 1.12 was collected by Sivaramakrishnan S.)45 
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Chapter 2  
 
Injection-induced de-doping in PEDT:PSSH during device operation: 
asymmetry in the hole injection and extraction rates 
 
In this chapter, we describe a mechanism that can alter the doping level of conducting polymers 
during normal electrical injection, which arises from differential charge extraction/ injection into 
transport sites, and which is likely to be an intrinsic feature of the hopping transport itself.  This and 
not Joule heating is the cause of the conductance decay in PEDT:PSS at strong electrical injection, 
in which the polyelectrolyte counter-ion also plays also a key role.  Neutral (non-acidic) PEDT:PSS 
is more stable in this regard.  
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2.1 Introduction 
 
Conducting polymers such as polyaniline doped with camphorsulfonic acid, and PEDT:PSSH in the 
have been known to be electrically unstable at high electrical fields.1,2 The cause of this instability 
in PEDT:PSSH was originally attributed to thermal induced dedoping3 followed by thermally 
induced migration of PSSH.4 
 
In this chapter, we provide direct evidence here for the conductance loss of PEDT:PSSH at high 
electrical fields. Charge modulation spectroscopy shows for normal hole current injection that the 
oxidation state (i.e., hole per ring) of PEDT decreases transiently as holes are extracted marginally 
faster than they are injected.  The decrease becomes permanent when coupled to a compensating 
electrochemical oxidation of the counter-ion.  In PEDT:PSSH this leads to a sharp fall in the doping 
level across the electrode gap and towards the negative contact as evidenced by micro-Raman 
spectroscopy.  Impedance spectroscopy gives the de-doped width to be of the order of tens of nm, 
which appears to be self-limited.  This mechanism is the origin of the deep conductor-to-insulator 
transformation in PEDT:PSSH2,5 and perhaps also other conducting polymers.1  By substituting the 
acidic H+ in the counter polyelectrolyte with the neutral and larger tetramethylammonium ion, it 
appears possible to shut down the parasitic oxidation and raise the electric field threshold for 
permanent de-doping by one order of magnitude. 
 
It is already well established from electrochemical measurements that PEDT6-8 and other 
conducting polymers9-11 exhibit a continuously variable oxidation state depending on the applied 
potential.  Here we show that a related process occurs during electrical injection in the solid state, 
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without the added supporting electrolyte, though on a slower time scale.  Figure 2.1(b) summarizes 
the picture obtained:  Hole hopping transport through PEDT involves a sequence of local hole 
extraction and injection at each PEDT site, which corresponds to reduction–oxidation or de-
doping–re-doping cycles.   The hole extraction PEDT+ → PEDT0 + h+ (i.e., electron injection into 
PEDT+) at the negative contact occurs slightly more readily than hole injection from the opposite 
contact PEDT0 + h+ → PEDT+, which builds up a transient population of PEDT+ of a lower 
oxidation state across the electrode gap.  [The opposite case, in which hole injection occurs more 
readily than hole extraction leading to a transient rise in oxidation state has not been observed.]  
The process is primarily reversible.  For PEDT:PSSH in particular and at high fields, a 
compensating electrochemical oxidation occur on PSSH at the positive contact to release a 
migrating H+ cation that allows PEDT+ to be de-doped to an ultrathin non-conducting PEDT0 layer 
at the negative contact, breaking electrical conductance.  Similar considerations should apply not 
only to PEDT/metal interfaces studied here but also any interface that can inject electrons into 
PEDT+, e.g. PEDT/light-emitting polymer in OLEDs which exhibits electron leakage.12,13  This 
occurs in addition to electromigration of the PEDT+ chains,14 which by itself does not appear to 
break the conductance, because perhaps the longer segments migrate very slowly. 
 
2.1.1 PEDT:PSSM 
 
PEDT:PSSH is strongly acidic on account of the excess PSSH, and often contaminated with ions 
leftover from the oxidation reaction.  A fraction of the PSS– provides the counter-ion for PEDT+, 
while the remainder gives water solubility.  This excess PSS– fraction is counter-balanced in turn by 
acidic H+, which may be undesirable in some circumstances.  H+ can be replaced readily however 
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by other M+ without significantly affecting the PEDT doping level or its electronic conductivity (See 
chapter 6).15 Therefore it is appropriate to denote this material PEDT:PSSM, wherein PEDT is 
“doped” into the PSSM matrix, with M=H in the commercial material (Baytron P, from H.C. Starck).  
Figure 2.1a shows the chemical structure of materials (M=H, tetramethylammonium TMA) used in 
this work.  We rigorously purified them by dialysis to remove low molecular-weight oligomers and 
ionic impurities (see Experimental) to be sure that the effects observed are intrinsic and not 
impurity-related.  A further notation:  We used “PEDT” here to refer to the material in general, 
PEDT+ to refer to its p-doped positively-charged state, and PEDT0 to refer to the undoped 
uncharged state.     
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Figure 2.1 Schematic of materials and processes.  (a) Chemical structure of PEDT:PSSH and PEDT:PSSTMA.   (b)  
Schematic diagram of the alteration in oxidation state of the conducting polymer induced by electrical injection. 
(a) 
(b) 
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2.2 Experimental methods 
 
2.2.1 Purification of PEDT:PSSH 
 
Commercial PEDT:PSSH solutions were dialyzed (30 ml, 20 mg ml–1, Baytron P, Bayer, 
Leverkusen) in semi-permeable tubes (molecular-weight cutoff weight, 12k) against CMOS-grade 
hydrochloric acid (400 ml, 0.1 M) twice, stirred, for 30 min each, and then against pure water (400 
ml) thrice for 30 min each. During this process, osmosis of water occurs, and the solution 
concentration of the PEDT:PSSH were checked by gravimetry.  The purity of the resultant material 
was confirmed by x-ray photoelectron spectroscopy:  Atomic ratios for purified PEDT:PSSH:  N/S = 
0.00; Na/S = 0.00 compared to N/S = 0.05; Na/S = 0.1 before purification.  After the dialysis, this 
material was free of residual small ion impurities (e.g., Na+ and a quatenized ammonium specie) 
found in the commercial material, as well as hydrolysis products (e.g., H2SO4) and low-molecular-
weight materials. 
 
2.2.2 Preparation of PEDT:PSSTMA 
 
The procedure used was based on dialysis ion-exchange,16 found to be superior to the method of 
base titration17 which often leads to over-compensation and hydroxide-induced damage of the 
PEDT.  Aqueous PEDT:PSSTMA solution was prepared by dialysis of the commercial PEDT:PSSH 
solution as above against tetramethylammonium bromide (400 ml, 0.1 M) thrice, stirred, for 30 min 
each, and then against pure water (400 ml) thrice for 30 min each. The purity of the resultant 
material was confirmed by x-ray photoelectron spectroscopy:  Atomic ratios for PEDT:PSSTMA: 
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N/S = 1.0 (found) 1.0 (expected), Na/S = 0.00 (found) 0.0 (expected).  pH of PEDT:PSSH solution 
was ca. 1 (pH paper), which increased to 6.5 in the resultant PEDT:PSSTMA solution, confirming 
the complete (>99.999%) removal of the H+. 
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2.2.3 Micro-Raman spectroscopy 
 
The film was excited in the 180º-backscattering geometry by 633-nm HeNe laser (< 1 mW) focused 
through a 0.7 NA 50x microscope objective in a Renishaw 2000 Raman microscope, using about 
100 s acquisition time per spectrum.  No visible damage was observed through the microscope 
even at prolonged exposure.  The Rayleigh light was rejected by holographic notch filters, and the 
Raman signal was collected on CCD.  Raman intensity was normalized to the intensity at 440 cm–1. 
 
Figure 2.2 Schematic of a setup of Raman microscope with a laser λ=633nm 
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2.2.4 Charge modulation spectroscopy  
 
A 50-nm-thick PEDT:PSSH film (HC Starck, Leverkusen) was spin-cast over an oxygen-plasma-
treated interdigitated Cr/Au source–drain array (length, 20 µm; width, 22.5 cm; area, ca. 3x3 mm) 
fabricated by photolithography on 200-nm thermal SiO2/p++-Si.   Electrical connections were made 
with Ag paint.  The film was then heated at 120°C for 15 min to remove moisture, and mounted in 
the N2-purged spectrometer (Nicolet 8700 FT-IR) at room temperature.  Light from the broadband 
IR source was passed through the beam-splitter and Michelson interferometer and focused onto 
the device. The transmitted intensity measured by a mercury cadmium telluride detector with 
bandwidth of 50 Hz–150 kHz.  The reference output voltage from a lock-in amplifier (SRS 830) was 
amplified by a homebuilt high-voltage summing amplifier, superimposed on a dc bias, and injected 
into the electrode array.  The dc interferogram (IFG) was first collected by rapid scan (vscan = 
0.6329–1.8987 cm s–1) taking care to keep the Fourier frequencies (fF = 2 vscan ν ) within the 
detector bandwidth, and FT to the single-beam dc spectrum.  The in-phase and quadrature root-
mean-square (rms) ac IFG was collected by step-scan of the mirror displacements (retardation) 
and demodulating detector response at each step using the lock-in amplifier, and FT to their 
respective ac spectra.  The dc spectrum can also alternatively be obtained from the dc IFG 
acquired at each retardation.   
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Figure 2.3 Schematic diagram of an interferogram-modulated FT charge-modulation spectroscopy. (Figure is 
prepared by Jing-Mei ZHOU and Li-Hong ZHAO.) 
 
2.2.5 Impedance spectroscopy 
 
Impedance spectra were measured using a modified Tower–Sawyer circuit with a known resistor 
for current sensing in place of the capacitor, a Tektronix AFG3102 signal generator and a Tektronix 
DPO4034 digital storage oscilloscope to measure the voltage response (amplitude and phase) 
across the resistor and the device in glovebox. 
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2.3 Results and discussion 
 
2.3.1 Electrical characterization 
 
We can decisively rule out Joule heating as the cause of the “conductance switching” from the 
improper scaling electrical power with film conductivity at the switching threshold.  Figure 2.4 
shows the time t dependence of the current density j through PEDT:PSSH films in the gap of 
lithographically-patterned concentric Au electrodes at different applied electric fields E in dry 
nitrogen.18 PEDT:PSSH at three dilution levels (4–10vol% PEDT in PSSH) spanning two orders of 
magnitudes in conductivity (σdc = 10–5–10–3 S cm–1) were selected for tests at four stress levels (E 
= 1–40 kV cm–1).  At E = 1 kV cm–1, the j vs t characteristics were found to be stable indefinitely for 
all the films (> 24 h).  The 10vol% PEDT:PSSH film appears to be stable up to ca. 20 kV cm–1 at 
which 25 A cm–2 can be injected continuously through the film.  At 40 kV cm–1 (initial j = 70 A cm–2) 
however the film starts to lose conductance slowly at first but rapidly after t = 0.2 h. The absence of 
fringing conduction in these concentric electrodes allows us to confirm that the conductance does 
in fact drop into the insulating regime.   A similar phenomenon occurs with films of other PEDT 
vol%, although the threshold E for its onset varies slightly.  A 30vol% film (0.2 S cm–1) can be 
stressed without damage at 10 kV cm–1 (2 kA cm–2) while resulting in heating of its substrate to ca. 
120ºC, underlining the remarkable thermal stability of PEDT:PSSH.7,19,20  The sharp conductance 
decay is therefore characteristic of the entire practical composition range of PEDT:PSSH.  Its onset 
occurs at a few tens of kV cm–1 depending on film composition.  The corresponding current density 
and Joule power however vary over 3–4 orders of magnitude, which is not consistent with Joule 
heating3-5 as the cause.  
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These stress levels are relevant to state-of-the-art intensely driven OLEDs.  For j = 10–100 mA cm–
2, the field across the PEDT:PSSH hole-injection layer can be 1–10 kV cm–1 owing to the low-
conductivity formulation used to suppress pixel cross-talks. 
 
 
The relatively weak E dependence could mean that the onset in fact scales with the current density 
normalized to the percolation path density.  Assuming that the conductance per path is 
independent of the number density of such paths, E is proportional to the current per path.  As the 
path density decreases strongly with dilution towards the percolation threshold, the instability 
therefore occurs at correspondingly lower current densities.   
 
Similar E threshold values were found also in the sandwich electrode configuration with Au as 
bottom electrode and Cr/Au bilayer as top electrode (Figure 2.5).   With such a device structure 
and a relatively thinner PEDT:PSSH film (3.6 µm), as the overall conductance decreases, the j–V 
characteristic clearly evolves to a square power law J ~ V2.  This suggests formation of an 
insulating space-charge layer limiting current flow. Therefore the conductance switching is general 
for different device configurations and electrodes. Electrical characterization of PEDT:PSSTMA will 
be discussed in section 2.3.6. 
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Figure 2.4  Current density–time plots of PEDT:PSSH measured in the gap of planar concentric circular gold 
electrodes (see inset) fabricated on CVD Si4N3 /Si substrates at different applied fields: (circles) 1 kV cm–1, (squares) 6 
kV cm–1, (diamonds) 20 kV cm–1, (triangles) 40 kV cm–1.  The three different film compositions are (solid lines) 10vol%, 
(dashed lines) 5vol% and (no lines) 3vol% PEDT dispersed in PSSH matrix. These films are made by dilution of 
Baytron PEDT:PSSH (PEDT:PSSH 1:2.5 by weight, corresponding to 30vol% in PSSH) with known amounts of PSSH 
and then spin-casting over the 3-aminopropylsilane-treated (adhesion promoter) lithographically-patterned electrode 
substrates, and dehydrated at 120ºC for 15 min in the glove box before measurement.  Inset:  Schematic of the 
concentric electrodes used.  Electrode gap is 10 µm (circles, squares and triangles) or 5 µm (diamonds); inner radius 
is 800 µm (for 10-µm gap), and 200 µm (5-µm gap); and film thickness is 45 nm. 
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Figure 2.5 Current density–time plots of PEDT:PSSH measured in the gap of planar concentric circular gold 
electrodes (see inset) fabricated on CVD Si4N3 /Si substrates at different applied fields: (circles) 1 kV cm–1, (squares) 6 
kV cm–1, (diamonds) 20 kV cm–1, (triangles) 40 kV cm–1.  The three different film compositions are (solid lines) 10vol%, 
(dashed lines) 5vol% and (no lines) 3vol% PEDT dispersed in PSSH matrix. These films are made by dilution of 
Baytron PEDT:PSSH (PEDT:PSSH 1:2.5 by weight, corresponding to 30vol% in PSSH) with known amounts of PSSH 
and then spin-casting over the 3-aminopropylsilane-treated (adhesion promoter) lithographically-patterned electrode 
substrates, and dehydrated at 120ºC for 15 min in the glove box before measurement.  Inset:  Schematic of the 
concentric electrodes used.  Electrode gap is 10 µm (circles, squares and triangles) or 5 µm (diamonds); inner radius 
is 800 µm (for 10-µm gap), and 200 µm (5-µm gap); and film thickness is 45 nm. 
(a) 
(b) 
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2.2.3 Micro-Raman Spectroscopy 
 
To determine whether the doping level of PEDT is altered by the electrical current, we mapped its 
value across a lateral Au electrode gap (10 µm) using micro-Raman spectroscopy.21  Figure 2.6a 
shows the spectra obtained before and after a 10-min stress at 50 kV cm–1 for a 30vol% PEDT film.  
The spatial resolution was diffraction-limited by the focus of a 633-nm HeNe laser through a 
microscope objective.  This wavelength was selected to give similar (resonance-enhanced) Raman 
cross-sections for both PEDT0 and PEDT+.22  The bandshape and intensity of the ring-breathing 
modes at 1200–1500 cm–1 are sensitive to the doping level.8,23  The full-width-at-half-maximum 
(fwhm) of the 1426 cm–1 mode, and the intensities of the 1255 and 1267 cm–1 modes were 
determined to be the most useful metric.  Using literature in-situ spectroelectrochemical Raman22 
and cyclic voltammetry24,25 data for PEDT perchlorate as a model for PEDT:PSSH, we calibrated 
these values to the charge-per-ring oxidation state, as shown in Figure 2.6b.  With this, we can 
then obtain the doping level spatially resolved across the electrode gap.  Excellent self-consistency 
was obtained in all cases between all three metric used, which provided good discrimination across 
the 0.05–0.35 hole/ring doping range. 
 
The initial PEDT state was thus found to be 0.31±0.01 hole/ring and constant across the gap.  
After the electrical stress however, this decreases to 0.26 hole/ring and becomes severely graded 
near the negative contact as shown in Figure 2.6c, reaching 0.08 hole/ring at the contact itself.  
This de-doping was separately confirmed by in-situ Fourier transform infrared spectroscopy (FTIR) 
which shows loss of the doping-induced infrared modes (Figure 2.7), and also by UV-Vis-NIR 
spectroscopy which shows the growth of the PEDT0 π–π* band at 600 nm.15    
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Even though this layer remains slight p-doped, it is electrically insulating,6,8,26,27 as the low density 
of holes gets localized below the percolation threshold and mobility edge.  This is confirmed by 
impedance spectroscopy (vide infra), which also gives a value for its thickness to be a few tens of 
nanometers.  These results unambiguously show that (i) PEDT+ can be de-doped to < 0.1 hole/ring 
at the negative contact, (ii) the average doping level is lowered by electrical stress, and (iii) the 
doping level becomes graded across the electrode gap.  The grading should exhibit a work-
function variation.  Previously, gradient-doped PEDT fabricated using layer-by-layer assembly has 
been shown to produce efficient hole injection interlayers for polymer LEDs.28 
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(b) 
(a) 
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Figure 2.6 Micro-Raman spectroscopic evidence for injection-induced dedoping of PEDT in devices.  (a)  Micro-
Raman spectra of a PEDT:PSSH (30vol% PEDT) film across a 10-µm channel between gold electrodes (see inset) 
after 10-min electrical stress at  50 kV cm–1 in the glovebox.  The spectra did not change with time after removal of the 
bias.  (b)  Extracted calibration plots of mode fwhm at 1426 cm–1, mode intensities at 1255 and 1267 cm–1, and doping 
level (in hole/ring), against electrochemical potential, from literature (see text).   The characteristics of the measured 
spectra are matched onto these calibration plots to obtain the doping level.  Before bias, the PEDT:PSSH film gives  
fwhm = 73 cm–1 and I1255 / I1426 = 0.20, corresponding to 0.31 ± 0.1 hole/ring.  (c)  Doping-level profile of PEDT across 
the electrode gap after electrical bias.  This corresponds to a small decrease in σdc (factor of 2) across much of the 
electrode gap, but a sharp decrease by orders of magnitude at the negative contact. 
  
 
 
(c) 
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2.3.3 In-situ FTIR spectroscopy of PEDTPSSTMA film with continuous current 
injection  
 
Although the film comprising 95 vol% PSSTMA (and 5 vol% PEDT), its infrared spectra is 
completely dominated by features of the p-doped PEDT with broad bands at 1520, 1315 and 1190 
cm–1 due to the large absorption cross-sections of the p-doped PEDT infrared active vibration 
(IRAV) modes.29  The –SO3– vibrations30 of PSS– at 1173 (νas SO3), 1127 (ν φ–S), 1037 (νs SO3) 
and 1008 cm–1 (ring CH in-plane bending), discernible as shoulders or weak peaks above the 
PEDT background, confirm the presence of PSS–.   
 
Upon electrical bias at 20 kV cm–1 over 12 h (after which a small conductance loss of 30% 
occurred), we found a gradual loss (1–2%) of intensities of the p-PEDT IRAV modes at 1520, 1315 
and 1190 cm–1 and emergence of intensities of the valleys at 1250, 1420 and 1550 cm–1.   This set 
of spectral evolution is characteristic of the undoping of p-PEDT as shown in 
spectroelectrochemical measurements.29   Therefore the results here conclusively show that redox 
state of PEDT chains between the electrodes decreases with electrical bias in agreement with our 
micro-Raman spectroscopy data. 
 
The second key observation here is the loss of the characteristic PSS– modes at 1173, 1127, 1037 
and 1008 cm–1.   This provides direct evidence for the oxidation of sulfonate groups in PSS – (i.e., –
SO3– → –SO3· + e–), coupled perhaps to further reactions.  There is a parallel to this in the well-
known Kolbe reaction for carboxylate groups (R–COO–→ R–COO· + e–→R· + CO2 + e–).31    No 
evidence was found for the reduction of sulfonate to the sulfinate (ν SO2 at 1030 and 970 cm–1). 
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Hence it is clear the redox state of doped PEDT is closely tied to the electrochemical fate of its 
counterions during device operation.  Because the PSS sulfonate counterion can irreversibly 
oxidize (in other words, holes can be irreversibly trapped onto the sulfonate groups), p-PEDT can 
irreversibly reduce to lower redox states (i.e., electrons can be irreversibly trapped on it).  Further 
proof of this idea is shown by the fact that PEDT:PSSH is even less stable during device operation 
than PEDT:PSSTMA (section 2.3.1 and section 2.3.6).  This is due to the significantly lower 
electrochemical stability of –SO3H groups vs –SO3– TMA+. 
 
Figure 2.7.  Left axis: –Log(Transmittance) (–logT) of a pristine unbiased 5vol% PEDT:PSSTMA film. Right axis: –∆ 
T /T (right axis) of the film with increasing electrical bias (spectra: red→magenta) up to 20 kV cm –1 over 12 h in total, 
recorded as a difference spectrum with respect to the pristine spectrum.  Downward peaks denote bleaching. The four 
characteristic vibration modes of PSS– are marked by broken lines. The PEDT:PSSTMA film was spin-cast over a 
lithographically-patterned interdigitated Au source–drain electrode array with L = 20 m on Si 3N4/ Si.  The film was 
electrically driven gradually up to 20 kV cm–1, while its infrared spectra were recorded sequentially in the transmission 
mode (area-averaged over the film in-between the interdigitated array). The device conductance decreased by 30% at 
the end of this experiment.  All biasing and spectral collection were done in-situ in dry nitrogen. 
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2.3.4 Charge modulation spectroscopy 
 
Charge modulation spectroscopy (CMS) reveals the mechanism for this is that holes are extracted 
more quickly at the negative contact than they are injected at the positive contact.  In this 
measurement, a 30vol% PEDT film formed across a Au source–drain electrode array was placed in 
an infrared beam, and excited by a small sinusoidal field (Eac = 2 kV cm–1) riding on a dc field (Edc = 
3 kV cm–1) to cause a modulation in the injected current density of about ∆j = 800 A cm–2.  The 
resultant modulation of the infrared absorption of the film was then measured in transmission in 
interferogram space using lock-in amplifier and Fourier-transformed to the energy spectra.32  The 
applied field was sufficiently small to avoid any permanent conductance decay. The CMS spectra 
show an induced infrared bleaching in-phase with the injection current, Figure 2.8.  This bleaching 
is characterized by a broad band at 0.2–0.7 eV, which resembles the electronic transition of the 
holes in PEDT,6-8,11,22,25,33 as shown in the top panel.  This is a surprising result: the hole carrier 
concentration in PEDT decreases slightly (ca. 1 out of every 104)32 but reversibly, as the injected 
hole current peaks even at low applied fields.  Similar CMS features were found in PEDT:PSSTMA 
films. 
 
This suggests that holes are extracted marginally faster at the cathode than they are injected at the 
metal anode leading to a transient depletion of carriers which is initially reversible.  PEDT+ has 
occupied states below Ef  (empty states above Ef) into which holes (electrons) can be injected from 
appropriate (e.g., metal) contacts.34  This is an aspect of electron damage of PEDT from low-
energy carriers, which is distinctly different from the reduction of the –SO3H by 3-eV  electron 
beams observed in vacuum.35 
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Figure 2.8 In-phase and out-of-phase charge modulation spectra of a 50-nm PEDT:PSSH film (30vol% PEDT) 
measured through the electrode gap in transmission mode across a lithographically-patterned interdigitated Au 
source–drain electrode array on SiO2/ p++-Si (channel length L = 20 µm; excitation Vdc = 6.2 V; Vac =  4.0V; excitation 
frequency fmod = 1 kHz).  Induced transmission (bleaching) appears as positive peaks.  The electronic absorption 
spectrum of holes in PEDT:PSSH is also shown for comparison.  The in-phase CMS spectrum is similar to that of the 
holes.  Thus the reduction of the hole density occurs in-phase with current injection.  This is completely reversible as 
no change in j-V characteristics was found after measurement.  
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2.3.5 Impedance spectroscopy 
 
Impedance spectroscopy (IS)36,37 confirms the formation of a resistive interfacial layer in sandwich 
structures with PEDT:PSSH films.  We measured the complex impedance (Z*) spectra of a 3.6-
µm-thick film of 3.5vol% PEDT:PSSH sandwiched between Au and 5-nm Cr/ Au electrodes, before 
and after a 10-min stress at 83 kV cm–1, as shown in Figs. 2.7(a) and (b).  To extract the film 
parameters, we employed a two-layer model to simulate the bulk and interface responses, together 
with an appropriate dispersive complex dielectric function for the film (Fig. 2.10 and Table 2.1).  
This model has minimal free parameters. 
2.3.5.1 Impedance spectra modeling 
 
                     Figure 2.9.  
Schematic of the two-element RC electrical model (representing bulk and interface responses 
respectively) used here.  This has been found to be sufficient to completely describe the complex 
impedance spectra obtained, provided that the correct dispersive complex dielectric functions are 
used to self-consistently model the frequency dependence of the RC behavior particularly of the 
bulk. 
The complex impedance spectra of all the devices measured here are well described by the two-
layer model shown in Figure 2.9, incorporating dispersive εr* functions particularly for the bulk 
conductive layer.   
Rbulk 
Cbulk 
Rinterface 
Cinterface 
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The bulk dielectric response (εr*) of PEDT:PSS was modeled using appropriate dispersive 
functions.  The dielectric response of the conducting polymer, which predominates over the 
response of the matrix, was found to be sufficiently modeled by the empirical function 
)()(* 2/16/13/2 f
H
f
Gi
f
B
f
A
r +−+=ε ,        [Eq 2-1] 
where f is the frequency; i = 1−  denotes; A and B together specify the real (in-phase) 
component of the dielectric response (εr’) while G and H provide the imaginary (out-of-phase) 
component (i εr’’), and they are all real-number parameters to be determined.  G is contributed by 
the Drude conduction electrons; A and H are contributed by diffusive ion motion; B represents the 
leveling out of the εr’ above about 100 kHz due to contribution from the PSS matrix.  The values of 
these parameters depend on the concentration of PEDT and its conductivity.  Dc conductivity is 
connected to G by the standard relation 
σdc = 2 π f εo εr’’,          [Eq 2-2] 
where εo is the free-space permittivity 8.854 x 10–14 F cm–1.  Therefore σdc = 2 π G.   
This functional form was tested and found to be adequately describe the  complex dielectric 
function (between 10 Hz and 1 MHz) of doped conducting polyaniline hydrochloride which was 
determined for the bulk pressed pellet using IS.38  Undoped or weakly-doped semiconducting 
polymers on the other hand do not have such large frequency dispersions.39-42 
We found also that such a simple functional form for εr* is sufficient to describe the dielectric 
response of PEDT:PSS over the 4 decades of frequencies (100 Hz–1 MHz) examined here.  
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Values for the pristine PEDT:PSSH are given in Table 2.1.  At low frequencies, εr’ ~ 3/2
1
f
 while i εr’’ 
~ 
f
1 , and so the A and G terms predominate.  For the pristine 6vol% PEDT:PSSH material (εdc ≈ 
10–5 S cm–1) examined here, the εr’ and εr’’ values are very large (e.g., 1.8 x 103 and –1.1 x 105 
respectively at 100 Hz) and increases with decreasing frequency.  Measurement of a considerably 
thinner PEDT:PSSTMA film (0.23 µm, see Table 2.1) returned essentially the same parameters, 
which proves that the true bulk dielectric response rather than interfacial effects has been 
measured.  The dielectric response of the PSS matrix was modeled by an empirical Havriliak–
Negami (HN) function43,44 given by 
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where εs is the low-frequency εr’, ε∞ is the high-frequency εr’ and σdc is the dc conductivity (ionic 
here) of the material.  This background provides an important contribution only when the electronic 
conductivity of the PEDT decreases well below 10–6 S cm–1, particularly in the depletion layer.  To 
model the behavior of the PSS matrix, we constrained the parameters to produce reasonable 
dielectric functions using the known behavior of ionic liquids45,46 and polyelectrolytes47,48 as guides.  
The PSS dielectric function turned out to be important only to describe the interface layer for the 
case of the 3.6-µm PEDTPSSH device after electrical stress because its interface Z* arc spans a 
particularly wide frequency range. 
Once these parameters were determined, there were no other free parameters in the model. 
The complex capacitance C* was computed from *rε using the standard formula 
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                        ,          [Eq 2-4]                     
where all terms have their standard meanings.  C* = C’ – i C’’, where C’ represents the capacitance 
and C’’ the resistance through R = 1/(ωC’’).  This was found to be necessary to model the behavior 
of the bulk layer whose Z* response spans many decades of frequencies where dispersion effects 
are important.  For the interface dielectric layer, on the other hand, it was found that the use of 
frequency-independent RC values sufficed in many cases.  This is particularly true when the 
frequency span of the corresponding Z* arc is small, the interface material shows insignificant 
dispersion in 'rε  and constant resistance, and so frequency effects are negligible. 
The impedance of the jth-layer was then computed from  
          ,          [Eq 2-5] 
and finally the overall impedance of the device was computed from the standard series equation 
  ,         [Eq 2-6] 
where  j = 1,2 for the two-layer series model used here. 
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2.3.6 Impedance spectroscopy – quantification of dedoped PEDT:PSSH 
 
The Z* spectrum of the pristine film is characterized by a dominant primary arc between 3 MHz and 
10 kHz and a much weaker secondary arc below 10 kHz.  Simulation revealed a bulk layer of 
thickness d = 3.6 µm and σdc = 6x10–6 S cm–1 (consistent with lateral four-probe measurements) 
from the primary arc, in series with an interfacial layer of capacitance 2 nF at f ≈ 1 kHz and 
resistance of 55 kΩ from the secondary arc.  Therefore the bulk and interface responses are well 
separated.  Using εr’ = 38 for PSS, the interfacial layer corresponds to a depletion width d = 2 nm, 
and σdc = 3x10–8 S cm–1, which may be expected from the contact potential between this low-
conductivity PEDT and Au.  This depletion layer contributes to 10% of the device dc resistance.   
 
After stressing, the bulk arc expands outwards slightly (note the change in scale in Figure. 2.10(b)), 
but the interface arc expands strongly and now dominates the frequency spectrum below 30 kHz.  
Simulation revealed that the bulk σdc decreased to 50%, but the interfacial layer grew to 35 nm (σdc 
= 1x10–8 S cm–1).  This adds 4.5 MΩ of dc resistance and accounts for the factor of 10 increase in 
overall resistance.  The Z* response of the bulk is still well described by the dielectric function 
characteristic of PEDT+ which dominates the dielectric response of PEDT:PSSH, while that of the 
interfacial layer corresponds to the PSS matrix with PEDT0.  This confirms the conductance 
switching is primarily an interface phenomenon, as deduced already from the Raman and j-V data. 
 
The reduction (de-doping) of PEDT+ must be associated with an oxidation reaction elsewhere to 
furnish the necessary cation for local charge neutrality.  One plausible mechanism is the over-
oxidation of PEDT+ at the positive contact, which is ruled out by Raman spectroscopy.  The 
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charge-compensation instead comes from oxidation of the sulfonate group of the PSS, from FTIR 
evidence (Figure 2.7).  To investigate the sensitivity of this reaction to the nature of its counter-ion, 
we prepared PEDT:PSSTMA by dialysis ion-replacement of H+ with the redox-stable TMA+.  TMA+ 
is a large cation (van der Waals radius, 3.5 Å) which slows down its diffusion through the film. 
 
This remarkably improves the E field threshold to ca. 200 kV cm–1 (Figure. 2.11), which is one 
order of magnitude better than PEDT:PSSH (section 2.3.1).  After the conductance decay the j–V 
characteristics remain Ohmic, indicating a general loss of bulk σdc (by a factor of 25), but not the 
growth of an insulating PEDT0 interfacial layer.  This is confirmed by IS of Au/ PEDT:PSSTMA /Cr 
/Au devices before and after a 10-min stress at 430 kV cm–1, as shown in Figures. 2.10(c) and (d).  
This suggests that de-doping of PEDT+ is characteristic of electrical injection into PEDT, but the 
formation of a depleted PEDT0 interfacial layer at moderate fields is a feature of PEDT:PSSH. 
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Figure 2.10.  Complex impedance spectra of PEDT:PSSM in a sandwich device structure.  –Z” vs Z’ plots for Au/ 
3.6-µm PEDTPSSH/ 5-nm Cr/ Au device:  (a) before and (b) after a 10-min electrical stress at 83 kV cm–1.  
Corresponding plots for a Au/ 0.23-µm PEDTPSSTMA/ 5-nm Cr/ Au sandwich device: (c) before and (d) after a 10-min 
electrical stress at 430 kV cm–1.  Excitation Vrms = 0.35 V, Vdc = 0 V.  Open squares are data; solid line is the fitted 
model with frequencies in Hz marked by closed circles at half decadic intervals.  The fit parameters are given in table 
2.1.  Z’ denotes the real (in-phase) impedance; Z’’ denotes the imaginary (out-of-phase) impedance. The inset plots the 
complex dielectric function used.  All measurements were done in dry nitrogen.   
 
(d) 
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Figure 2.11 Electrical characteristics and complex impedance spectra of PEDT:TMA in a sandwich device structure. 
(a) Current density–time plots of PEDT:PSSTMA measured in sandwich devices fabricated on glass: 5-nm Cr/ 50-nm 
Au/ 0.23-μm PEDTPSSTMA/ 5-nm Cr/ 100-nm Au. These were made by repeated shadow-mask evaporation of the 
electrode and spin-coating of the PEDT:PSSTMA (with annealing at 120ºC for 15 min in the glovebox). Device area is 
100 x 100 μm2. PEDT:PSSTMA shows the conductance loss at a threshold electric field one order of magnitude of 
higher than PEDT:PSSH. (b) Current-density–electric-field plots for the pristine device and after 0.15 h at the indicated 
(b) 
(a) 
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electrical stress. Inset: Corresponding log–log plot. Dotted line indicates slope of 1 (i.e., Ohmic conduction). The 
current–voltage curves are symmetric and show little hysteresis. All measurements were done in dry nitrogen. 
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          Bulk  Interface 
Parameter A B G H  R C remarksa 
         Au /230-nm PEDTPSSTMA /Au :      
pristine 1.2e7 1.0e4 2.9e3 2.9e2  1.8e3 3.0e–8 1k–10k Hz 
after stress  4.9e5 3.6e2 1.6e3 1.3e1  4.0e4 1.5e–8 30–300 Hz 
         
Au /3.6-µm PEDTPSSH /Au :      
pristine 1.1e7 9.6e3 3.9e4 2.2e2  5.5e4 2.0e–9 0.3k–3k Hz 
after stress  5.2e6 4.4e3 3.9e4 1.7e2  4.5e6 - HN functionb 
 
Table 2.1. Electrical model of the complex impedance response of the PEDTPSS devices. 
Footnote: 
a  Remarks indicate the frequency range corresponding to the interface Z* arc over which the 
determined interface R and C values are valid. 
b  For 30–30000 Hz:  α = 0.1, β=0.5, 1/fo=1.1e–3 s, εs=50, εinf=3.5, σdc=6.8e–9  S cm–1 
 
 69 
2.4 Summary 
 
Thus it is clear that the nature of the dopant and matrix plays an important role in the stabilization 
of the redox state of PEDT.  Nevertheless at sufficiently high fields, permanent injection-induced 
dedoping of PEDT accompanied by oxidation of PSS– is still able to proceed.   Since doped 
conducting polymers generally show continuously variable redox states with applied 
electrochemical potential, we suspect that this phenomenon of injection-driven redox-state 
modification of PEDT is a general characteristic of organic conductors.  By choosing the dopant 
and matrix polymer that are less susceptible to oxidative electrochemistry, one can suppress the 
onset of permanent loss in the PEDT conductivity.  On the other hand, such a mechanism could 
open new opportunities for charge-storage and extraction for memory applications. 
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Chapter 3 
 
Electromigration of PEDT:PSSH in organic semiconductor devices and its 
stabilization by crosslinking 
 
In this chapter, we measured the ratio of the poly(3,4-ethylenedioxythiophene)-to-
polystyrenesulfonate (PEDT-to-PSS) at the interface of the hole-injection layer (HIL) and organic 
semiconductor (OSC) by X-ray photoelectron spectroscopy (XPS) following solvent-soak-liftoff 
delamination revealed unambiguously the occurrence of electromigration of PEDT+ towards the 
OSC interface during device operation.   This effect is fundamentally different from the previously 
reported interface segregation of PSSH,1  and may account for a degradation mechanism of 
organic light-emitting diodes (OLEDs).  No significant dedoping of PEDT+ was found in hole-only 
devices using Raman spectroscopy.  Crosslinking at 1 mol/mol% can successfully stabilize the HIL 
against electromigration.   
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3.1 Introduction 
 
In chapter 2, we have demonstrated that the conductance loss in PEDT:PSSH in high electric fields 
is not Joule heating and is in fact due to the imbalance rates between the injection and extraction 
at the anode and cathode respectively.2 Here we provide direct evidence for electromigration of 
PEDT+ in the direction of hole transport towards the interface with the organic semiconductor (OSC) 
during diode operation at tens of mA cm–2. We investigated unipolar hole-only diodes [device 
structure in Figure 3.1] with two compositions of PEDT:PSSH as the HIL, hole-transporting TFB 
[poly(2,7-(9,9-di-n-octylfluorene)-alt-(1,4-phenylene-((4-sec-butylphenyl)imino)-1,4-phenylene)), 
chemical structure in Figure 3.1] as the OSC, and Al as the cathode.  The electron-blocking TFB 
prevents electron injection into the HIL and its possible redox dedoping.2 We used a gentle solvent-
soak-liftoff method [Figure 3.1] to delaminate the HIL/OSC interface for XPS. Without the solvent 
soak, these layers cannot be delaminated due to injection-induced electrochemistry of which will 
render the HIL and TFB layers bonded together. This method is considerably gentler than 
previously used ion-milling or acid etch. We found that PEDT+ accumulates near the HIL/OSC 
interface with prolonged operation.  This can be suppressed by crosslinking at 1 mol%, which led 
to slight improvements in the voltage–time stability at constant current densities. 
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Figure 3.1 Schematic structures of the hole-only diode and the solvent-soak-liftoff delamination process.  Ratio of 
crosslinker used were y=0, 1.2, 2.5 and 5 mol%. The chemical structures of the AAA photo-crosslinker and the TFB 
OSC are also shown.   
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3.2 Experimental methods 
3.2.1 Preparation of hole–only devices 
1:2.5 mol/mol PEDT:PSSH (i.e., ca. 30 vol% PEDT in PSSH; dc conductivity σ = 1–10–1 S cm–1) 
was obtained as Baytron P from H.C. Starck (Leverkusen). 1:16 PEDT:PSSH (ca. 6 vol% PEDT in 
PSSH; σ = 10–4–10–5 S cm–1) was made by dilution with PSSH (Mw=70k) from Scientific Polymers 
Products (New York). These two compositions span the practical range for device applications.  
The solutions were pre-mixed with a water-soluble bis(fluorinated phenyl azide) photo-crosslinker, 
AAA,3 [chemical structure in Figure. 3.1] at various ratios (0, 1.2, 2.5 and 5 mol%, based on PSSH 
repeat units) and spin-cast over clean ITO substrates, prebaked 15 min at 130°C in N2, exposed to 
254-nm DUV (1 mW cm–2, 3 min) in N2.  Photo-crosslinking occurred for films with AAA.3  TFB was 
then spin-coated, followed by evaporation of Al to give active areas of 0.5 cm2.    
 
3.2.2 Electrical characterization 
 
Current–voltage (IV) characteristics were recorded in N2 with Keithley 4200 semiconductor 
parameter analyzer.  The devices were then driven on heat sinks at a constant current density (80 
mA cm–2) as in accelerated life-testing of OLEDs.4  For comparison, typical OLEDs at 100 cd m–2 
requires only 5–30 mA cm–2 depending on color and emitter.4    After 200 h, the IV characteristics 
were recorded again.   
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3.2.3 Raman spectroscopy 
 
Raman spectra of the device were acquired on a Renishaw Raman microscope at 514-nm 
excitation with backscattered collection through a 0.5 NA 50x microscope objective.5      Reflection 
UV-Vis-NIR spectra were also collected.   
 
3.2.4 X-ray photoelectron spectroscopy 
 
Basic operation of XPS has been covered briefly in section 1.3.4. The experimental setup for the 
results of the chapter are as follows: core-level and survey X-ray photoelectron spectra were 
acquired on a ESCALAB MKII spectrometer at a base pressure better than 10-9 mbar using Mg 
Kα1,2 X-ray photons (1253.6 eV) irradiating 54.7° relative to electron analyzer entrance. The 
photo–ejected electrons were analyzed by a concentric hemispherical analyzer operated at 
constant pass energy of 20 eV for core level spectra and 50 eV for survey spectra. The 
photoemission angle (θ) was set at 90° (normal) and/or 30° (i.e., 60° from normal) by rotating the 
sample. The X-ray gun was operated at 150 W and emission distributed over an area of about 5 
mm diameter on the substrate at θ = 90°. 
 
As the samples were on conducting ITO substrates, sample charging was insignificant and electron 
flood gun operation was not necessary. To compensate for work function variations and facilitate 
comparison, the photoelectron binding energies (BE) were given on the chemical binding energy 
scale and referenced to the C 1s BE defined to be 285.0 eV, as appropriate for C 1s spectra 
strongly weighted by aliphatic and some aromatic hydrocarbons. Core-level spectra were 
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processed by linear background subtraction and displayed normalized to the intensity of the 
specified core levels. For atomic stoichiometries, the integrated intensities were corrected with 
empirical sensitivity factors taking into account the atomic photoionization cross sections, the 
electron inelastic mean free path, and the spectrometer intensity-energy response function. The 
quantification error is expected to be ≈ 10% from systematic effects. The photoelectron inelastic 
mean free path (λo) in the sample determines the information depth interrogated by the technique. 
This mean free path value depends on the photoelectron kinetic energy and hence the excitation 
energy and differs across the binding energy spectrum. However, for S2p, the variation is small 
and can be approximated to be nearly constant at ca. 25 Å. At θ=90°, the photoemission depth is 
therefore ca. 25 Å, and the information depth is usually taken to be 3 λo (i.e., 75 Å). 
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3.3 Results and discussion 
 
3.3.1 X-ray photoelectron spectroscopy (XPS) 
 
Figure 3.2a shows the S2p spectra (θ=90º, angle normal to the substrate) of the exposed HIL 
surfaces.  The data have been fitted with spectral band shapes for PEDT+ (at a 2p3/2 binding 
energy BE of 163.2 eV), PSS– (166.8 eV) and PSSH (167.7 eV), consistent with our previous work 
and literature.6,7  For the HIL that has not been life-tested, the PEDT-to-PSS ratio (χ) was 34% for 
1:2.5 PEDT:PSSH and 7% (±1%) for the 1:16 material, similar to those on directly spin-coated 
films.  We also observed the expected surface depletion of PEDT (χ=25% and 4% respectively at 
θ=30º).  These confirm that the THF soak does not rearrange the surface of the HIL. 
 
After prolonged operation, χ increased to 40% and 10% respectively for the 1:2.5 and 1:16 HIL 
layers.  This is clearly not due to time dependence or processing artifacts since all devices were 
fabricated, processed (including solvent-soak-liftoff) and analyzed together.  It cannot be attributed 
to thermal heating either since the dissipated power (0.4–0.5 W cm–2) does not lead to significant 
temperature rise on the heat sink.  The band shape of the PEDT reveals no change in doping level.  
The increase in χ is even more severe with films made from freshly synthesized (i.e., unaged) 
solutions in which the PEDT appears to be less “aggregated”.  A three fold increase in χ from 5% 
to 15% (θ=90º) after 14 h at 40 mA cm–2 has been measured in similar diodes with 1:16 HIL.    A 
similar effect has also been observed in bipolar OLEDs with other OSC layers in which χ increased 
from 3% to 15% (θ=90º) after 14 h at 30 mA cm–2. Here the absence of electron current and  of 
other sulfur-containing species allows us to rule out electrochemical reduction of PSS and PEDT,2 
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and spectral interference.  Therefore it can be firmly established that the PEDT+ concentration 
within the XPS sampling depth of 25 Å increases with device operation. This phenomenon is 
electrically-induced and is therefore an electromigration.  It is thus opposite in direction to and 
fundamentally different from the proposed PSSH densification,1 and thermal-induced PSSH 
segregation.8 
 
This PEDT+ electromigration is not simply due to an outward re-orientation of the PEDT+ segments.  
The frontier of the HIL surface still remains depleted in PEDT+ relative to the sub-surface (e.g. 
χ=31% for the 1:2.5 HIL at θ=30º) after driving.  Thus the PEDT+ segments do not cross the 
frontier PSSH chains, possibly to avoid loss of the Madelung stabilization energy, even as the 
overall PEDT concentration rises in the sub-surface.  The PEDT+ migration occurs from the bulk.  It 
is also not the result of the electric field, which is small (1 V cm–1 for the 1:2.5 HIL and 1 kV cm–1 for 
the 1:16 HIL) in these experiments.  Thickness of the PSSH on the surface is expected to be at the 
molecular level. 
 
3.3.2 Rough estimate of migration rate 
 
Electromigration is well established in metals in which the conduction electrons transfer momentum 
to the grain boundary and surface atoms and cause mass transport wherever the flux diverges.9,10 
The physics is different here, where the charge carriers holes localize on and hope between 
PEDT+ that are dispersed in a PSS− matrix containing excess ionizable sulfonic acid groups. The 
PEDT+ experiences an electric force given by F=ZeffeE, where Zeff is the effective charge and E is 
the applied field. A mechanism to maintain local charge neutrality is required for extensive 
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migration of the PEDT+ to occur. This can arise from place exchange with H+. No electrochemistry 
was found at the HIL/OSC interface. Its migration speed υ is given by the Nernst-Einstein equation: 
υ =DF/kT, where D is its diffusion coefficient, F is the average force, and kT is the thermal energy. 
The value of D has not been measured, but is expected to scale as the inverse molecular weight of 
PEDT+ below the onset of chain entanglement.11 To obtain a crude estimate of D, we note that 
corresponds to 0.1–1 Å h−1 here; Zeff .5 holes/chain doping level 0.3 hole/ring, average length 15 
rings, neglecting local field and screening, which for E≈1 V cm−1 gives F≈7 X 10−19 N and 
D≈10−12–10−13 cm2 s−1. This estimate appears reasonable, considering that D for small organic 
molecules through glassy polymers is of the order of 10−8–10−11 cm2 s−1 depending on the nature of 
the molecule and its interaction with the matrix.12,13  
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Figure 3.2  XPS spectral of 1:2.5 and 1:16 PEDT:PSSH (a) S2p core-level XPS spectra of the exposed PEDT:PSSH 
after 200 h at 80 mA cm-2, with or without the AAA crosslinker, for a 1:2.5 PEDT:PSSH layer in the diode. (b) S2p core 
level x-ray photoelectron spectra of PEDT:PSSH, as above, for a 1:16 PEDT:PSSH layer in the diode.  Excitation 
MgKα, θ=90°, resolution 1.0 eV. Spectra have been background corrected and fitted with the characteristic spectra of 
PEDT+, PSS– and PSSH, and normalized to the total PSS (i.e., PSS– and PSSH) intensity. 
 
 
(b) 
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3.3.3 Suppression of electromigration 
 
All the devices were soaked in THF (1 h), blown dry, and the Al film together with the OSC layer 
was delaminated from the HIL layer by lift-off with tape. The exposed PEDT:PSSH films were then 
quickly transferred into an XPS ESCALAB MKII spectrometer with 1253.6-eV excitation at 54.7° 
from the concentric hemispherical electron analyzer, and core-level spectra acquired at θ=90º and 
30º. This migration can be suppressed by crosslinking of the HIL with 1.2–2.5 mol% of AAA, as 
shown in Figures 3.2a and b.  The fact that this can be successful at the stated concentrations 
indicates that the crosslinkers are uniformly dispersed throughout the HIL film, as also proven by 
F1s spectra (data not shown).  However this leads only to a marginal improvement in the V–t plots 
as shown in the Figure 3.3.  Without the crosslinking, the voltage rise is 1.6 mV h–1 for both HILs at 
80 mA cm–2.  The linear form suggests that the increase is proportional to total charge through the 
diode, similar to OC1C10–PPV OLEDs which at similar conditions extrapolate to 4 mV h–1.14  With 
1.2 mol% crosslinker, the rate slows marginally to 1.2 mV h–1, but this gets slightly worse at even 
higher crosslinker concentrations.   Therefore electromigration is not the dominant contributor to 
the voltage rise in these hole-only diodes.  Stabilization of this PEDT+ electromigration may 
however be more important in bipolar OLEDs, for which (i) a high PEDT concentration near the 
HIL/OSC interface could facilitate escape of the electrons without undergoing recombination in the 
light-emitting OSC, and (ii) PEDT could promote exciton quenching.  The best performance in 
OLEDs has in fact been obtained at low PEDT:PSSH ratios in the neighborhood of 1:16.15 The 
slight peak shift under PSSH in figure 3.2 is possibly due to fitting variations or slight changes in 
the related intensities of the peaks. 
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Figure 3.3.  Voltage–time plots during life-tests in nitrogen at 22ºC, after a 20-h burn-in, for diodes (a) with 1:2.5 
PEDT:PSSH, and (b) with 1:16 PEDT:PSSH as the HIL, at a constant current density of 80 mA cm–2 (V ≈ 5–6 V). Inset 
gives a typical IV characteristics of a diode after the life-test.  Data points in (a) were collected manually. 
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3.3.4 Raman spectroscopy – no evidence of dedoping of PEDT:PSSH 
 
Figure 3.4 shows the Raman spectrum of the diodes with the 1:2.5 HIL after operation, 514-nm 
excitation to enhance sensitivity to the dedoped form of PEDT.  The Raman peaks at 1604 and 
1612 cm–1 (ν fluorene and phenylene)16 are from TFB.  PEDT+ gives a band at 1442 cm-1, whose 
shape depends sensitively on the doping level.2,17  The invariance in the PEDT+ band shape here 
thus indicates that dedoping does not occur in these hole-only diodes, consistent with the results of 
UV-Vis-NIR reflection spectroscopy (not shown).  This is markedly different from the 
electrochemical reduction found in the vicinity of black spots.5 
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Figure 3.4 Raman spectra taken from the glass side of the diodes after the life-tests.  Inset gives the experimental 
configuration.  All spectra were normalized to the 1604 cm-1 peak of the TFB. The invariance of the PEDT+ band shape 
at 1442 cm–1 indicates no dedoping has occurred in the HIL during prolonged operation. 
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3.4 Summary 
In summary, we have found evidence for electromigration of PEDT+ which could contribute to the 
degradation of organic semiconductor devices at typical (low) current densities of tens of mA cm–2 
corresponding to very low fields of <1kV cm–1.  We have further demonstrated a way to suppress 
this migration.  At much higher fields, another process – electron trapping and dedoping of PEDT+ 
– becomes important (As shown in chapter 2).  
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Chapter 4 
 
Chemical reversibility of the electrical dedoping of conducting polymers: 
an organic chemically-erasable programmable read only memory (C-
EPROM) 
 
In this chapter, we show that the loss of electronic conductivity of p-doped poly(3,4-
ethylenedioxythiophene) (PEDT) at high electrical bias is shown to be chemically reversible upon 
re-doping with iodine vapor.  This provides further confirmation that the initial loss of conductivity 
arises from the injection-induced dedoping mechanism.  Repeat “write-erase” cycles are possible, 
which gives a rudimentary organic chemically-erasable programmable read-only memory (C-
EPROM).   Transient measurements show the write time (i.e., time for loss of conductivity) 
decreases from thousands of seconds just above the critical electric field of 50 kV cm–1, to 
millisecond well above this value but below the onset of electrochemical destruction. 
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4.1 Introduction 
 
Poly(3,4-ethylenedioxythiophene) dispersed in poly(styrenesulfonate) (PEDT:PSSH) is an 
important class of conducting polymers which has found widespread display, electronic and 
antistatic applications.1-3 Its properties are sensitive to morphology,4,5 base-induced de-doping6,7 
and hydrogen-bonding solvent effects.8 Recent experiments are consistent with a network rather 
than a core-shell morphology of the PEDT segments in thin films of this material.9,10  It also exhibits 
facile electrochemical reduction to the insulating state in “black spot” defects in polymer LEDs.11  
Away from such defects, PEDT:PSSH in solid state devices is also known to be electrically 
unstable at large electrical bias.12  This was initially attributed to thermal dedoping,12,13 and then 
thermal migration.14  
 
We have recently established that this electrical instability occurs above a characteristic electric 
field as a result of electrochemical de-doping of a thin layer at the more negative interface caused 
by electron injection at that interface, which can be suppressed by changing the nature of the 
counterion.15  We have also recently demonstrated that p-doped PEDT chains undergo 
electromigration under prolonged bias.9  In electrochemical cells, it has been well established 
already that PEDT shows a conductivity plateau only over a finite potential window and at extreme 
potentials, the PEDT becomes over-oxidized or over-reduced and becomes non-conducting.16-19  In 
solid state PEDT, we have observed electrical de-doping due to the faster extraction than injection 
of holes into the PEDT.  Here we demonstrate in solid state devices that this injection de-doping 
and hence the conductance loss mechanism can be reversed by chemical re-doping. This provides 
further evidence that the injection de-doping does not initially lead to chemical “damage” or 
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degradation of the PEDT.  It also provides the basis for an organic chemically-erasable 
programmable read-only memory (C-EPROM).  We have monitored repeated electrical-dedoping 
and chemical-redoping cycles by direct ultraviolet-visible (UV-Vis) spectroscopy and electrical 
conductivity measurements. 
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4.2 Experimental methods 
 
4.2.1 Ultraviolet-Visible absorption measurements 
 
We used Ocean Optics DW1024 spectrograph to measure the absorption spectra of the devices. 
Planar electrode configuration fabricated on glass substrates.  Lithographically-patterned 
interdigitated arrays of thermally evaporated 50-nm Au on 5-nm Cr electrodes (electrode gap 2 µm; 
width 2.0 cm) were prepared on RCA–SC1-cleaned glass. The substrates were then surface-
treated by an oxygen plasma (200W, 5 min) to render the surface hydrophilic, before spinning a 
50-nm-thick film PEDT:PSSH film, and then baking at 120°C in a N2-filled glovebox (H2O < 1ppm) 
to remove residual moisture.  The PEDT:PSSH used in report was a 1:2.5 mol/mol PEDT:PSSH 
material (equivalent to 30vol% PEDT in a PSSH matrix) obtained as an aqueous solution from 
Bayer, Leverkusen (Baytron P) which was filtered through a 0.45-µm nylon membrane filter at the 
point of use. PEDT:PSSH was also dialysed to remove ionic impurities before used.15    
 
4.2.2 Electrical characterization 
Current–voltage measurements were acquired on a semiconductor parameter analyzer (Keithley 
4200). Pulse measurements were collected using a digital storage oscilloscope (Tektronix 
DPO4034) triggered in the single-burst mode by the Transistor–Transistor Logic (TTL) output of a 
signal generator (Tektronix AFG3012) which was also fed into a home-built high-voltage (HV) 
amplifier. 
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4.3 Results and discussion 
 
4.3.1 UV-vis absorption 
 
–Log transmittance spectra were collected in the glovebox on this film in-between the 
interdigitations using a spectrograph (Ocean Optics DW1024). A schematic of the experiment is 
shown in Figure 4.1a.  Therefore the spectra are area-averaged over the channel between the 
interdigitated electrode array.  By measuring the spectra in-situ in the glovebox, we avoided 
possible electrochemistry from the hygroscopicity of PEDT:PSSH.   
 
The pristine film (Figure 4.1a) was weakly absorbing and shows the expected polaronic tail beyond 
600 nm. Upon electrical bias at 30 kV cm–1, which is just below the critical field, for 1 min, the 
absorption increases by 2 x 10–3 absorbance units (Figure 4.1b) in the range of wavelengths 
measured, which is of the same order as the repeatability of these measurements.  The electronic 
conductivity of the film is unchanged to within 10% during this period.  The sample was then biased 
at the critical field (E = 50 kV cm–1) for 1 min at which injection-induced de-doping occurs.15 The 
conductivity dropped by a factor of two.  At this point, the π–π* transition of undoped PEDT 
appears16,17,20 at 600 nm, indicating de-doping has indeed occurred.  There is also a longer 
wavelength band at ca. 900 nm, just outside the measurement window, characteristic of a lower-
oxidized p-doped state.16,17,20  The intensity of the 600-nm band (–log transmittance ca. 0.01 at 
peak) suggests that the fraction of de-doped PEDT is <1%, which is consistent with its formation in 
an ultrathin layer (ca. 10–30 nm) adjacent to the negatively-polarized electrode, as shown by our 
previous micro-Raman and impedance data.15  We did not attempt to drive the device to give a 
larger conductivity drop. This is because this electrically-dedoped resistive layer constitutes only a 
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tiny fraction of the length of the lateral device.  A decrease in its overall conductance by a factor of 
two already corresponds to a decrease in conductance of the de-doped layer by ca. 200, which 
results in most of the applied voltage dropping across this layer.  A further increase in drive voltage 
would lead to irreversible damage and associated gas-evolving electrochemistry together with 
physical spalling of the film.   
 
Following this electrical bias, the sample was exposed to I2 vapor (5 min) set up by a few crystals 
kept in a closed container at room temperature, and then baked at 150°C (15 min) in a N2-filled 
glovebag to remove any physisorbed I2. Optical microscopy showed that the Au electrodes were 
not corroded by the I2 treatment. Optical spectroscopy of the channel showed the π–π* band of de-
doped PEDT diminished (Figure 4.1d) and the original spectrum was nearly restored.  Physisorbed 
I2 (absorption maximum at ca. 500nm) was not present at significant amounts, but I3– (absorption 
maximum at 370 nm)21 was clearly incorporated as counterion in the film, as expected of re-doping 
by I2. The electronic conductivity of the film was restored to the pristine value.   This experiment 
was repeated once more and similar results were obtained. 
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Figure 4.1  Log transmittance spectra of PEDT:PSSH undergoing an electrical de-doping and chemical re-doping 
cycle in a planar electrode array.  (a) Pristine device, (b) after biasing at 30 kV cm–1 for 60 s, (c) after further biasing at 
50 kV cm–1 for 60s, (d) after re-doping with I2 vapor (5 min, room temperature) and thermal annealing at 150°C (15 
min).  The spectra have been filtered by a smoothing spline parameterized using the measured noise in the spectra. 
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4.3.2 Read-write cycles 
 
For demonstration of write–erase cycles, we used 200-nm thermal SiO2/Si as substrates on which 
lateral interdigitated Au/Cr electrode arrays (electrode gap 10 µm; width 2.0 cm) were 
lithographically-patterned. A 50-nm 1:2.5 PEDT:PSSH film was spin-coated over these array.  
Current–voltage measurements were acquired on a semiconductor parameter analyzer (Keithley 
4200). For the “write” cycle, an E of 50 kV cm–1 was applied for 30 s.  For the “read” cycle, the 
maximum E employed was 5 kV cm–1.  For the “erase” cycle, the sample was exposed to I2 vapor 
and annealed in nitrogen, as before.  A typical current–electric field (I–E) graph before and after 
writing (Figure  4.2, inset) shows that the conductance is switched by 25% in these experiments, 
while keeping the I–E characteristics Ohmic (i.e. linear).   A deeper modulation by > 2 order of 
magnitude should be possible as the electrode gap is decreased to < 100 nm to approach the de-
doped layer thickness.  After writing the conductivity is stable practically indefinitely.  The 
resistance change during the write–erase cycles is shown for example in Figure 4.2 for three 
cycles. The cycling indicates that the electrical de-doping and chemical re-doping are repeatable 
and hence sufficiently well-defined processes. 
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Figure 4.2 Normalized change in resistance during ‘read–write’ cycles of a planar device after electrical stress (‘write’) 
and I2 vapor exposure (‘erase’) Inset:  Log-log I–E of a planar device after electrical stress (blue) and after I2 vapor 
exposure (red). 
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4.3.3 Transient response of switching process 
For measurement of the switching time upon application of a large bias step (260 kV cm–1, well 
above the critical E), we used a vertical electrode sandwich configuration in which we spin-coated 
a 3.6-µm-thick 1:16 PEDT:PSSH film over Cr/Au bottom electrodes, and then evaporated Cr/Au 
top electrodes to give 1 x 10–4-cm2 cross-junctions.  The fast transients due to the bias step were 
collected using a digital storage oscilloscope (Tektronix DPO4034) triggered in the single-burst 
mode by the Transistor–Transistor Logic (TTL) output of a signal generator (Tektronix AFG3012) 
which was also fed into a home-built high-voltage (HV) amplifier to produce a 95-V output step.  
This output was applied across the device (initial resistance ≈ 25k Ω) and a small series load 
resistor (1 kΩ, see inset of Figure  4.3a).  The rise time of the TTL was < 1 µs and scope time 
resolution was ≈ 0.1 µs.  However, the HV amplifier slew rate limited the rise time of the HV pulse 
to 10 µs.  The response of the device was 2 orders of magnitude slower still and so could be 
adequately captured by this setup. For measurement of the switching time due to a medium bias 
step (corresponding to 40 kV cm–1), we used a lateral electrode configuration as before. The slow 
current decay transients were collected using the semiconductor parameter analyzer.   
 
Figure 4.3a shows the voltage and current transients in the first 20 ms following a voltage step 
giving a mean field of 260 kV cm–1.  Device heating was observed upon application of the pulse, 
from the rapid current increase.  However this heating was not the cause of the conductance loss, 
because devices could be biased at a lower voltage but over a much longer duration to give a 
similar heating effect without causing the conductance decay.  Furthermore, in studies using 
PEDT:PSSH of different conductivities, the non-thermal origin has been firmly established.15   After 
ca. 1 ms, the current began its decay over several ms to give an effective resistance increased by 
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a factor of ca. 100. It is clear from these measurements that the loss of conductance occurs on the 
ms time scale, not in the sub-µs timescale, and is thus consistent with the electrochemical nature 
of the switching process.  The “writing” speed could be increased through using higher voltage 
pulses, but the process becomes increasingly chemically irreversible.  At sufficiently high fields, we 
have observed dielectric breakdown and recovery events on the µs time scale (current spikes 
corresponding to “lightning flashes”).  From the charge obtained by integrating the current 
transients, and for a de-doped interfacial layer of ca. 10 nm, we estimated ca. 1 dedoping event per 
104 charges injected for this applied field.  Figure 4.3b shows the behavior of a lateral device 
stressed at 40 kV cm–1.  The resistance of the device goes up by a few tens of percent over tens of 
seconds, and reaches open circuit eventually after hours. Thus it is clear that the conductance 
decay time can span 104 s to 1 ms depending on the magnitude of the applied voltage.  
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Figure  4.3 Transient response of devices  (a)   Voltage and current transients across a PEDT:PSSH in a vertical 
sandwich configuration at high field:  Cr/ Au/ 3.6-µm-thick PEDT:PSSH / Cr/ Au, during application of a bias step of 95 
V.  The bias step shows a transient dip after 1 ms due to the transient spike in the conductance of the device, resulting 
in significant voltage burden at the pulse generator.  (b)  Voltage and current transients measured across PEDT:PSSH 
in a lateral electrode array configuration at medium field: Au/ 10-µm PEDT:PSSH/ Au, during application of a bias step 
of 35 V. 
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4.4 Summary 
In summary, we have confirmed directly here by electronic spectroscopy and chemical reversibility 
that the initial stages of the electrical instability of PEDT:PSSH is due to the injection-induced de-
doping. The switching time varies with applied field and can be as short as 1 ms if the voltage 
pulse is kept within the chemically reversible region. We have also demonstrated that repeated 
cycling between the conductor and insulator states by electrical de-doping and chemical re-doping 
is possible. 
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Chapter 5 
 
Tuning the Work-Function of PEDT:PSSX through the Disordered 
Madelung Potential 
 
In this chapter, we show that the work-function of p-doped poly(3,4-ethylenedioxythiophene)–
poly(styrenesulfonic acid) films can be systematically varied over a wide 1-eV range by exchange 
of the excess matrix protons with spectator cations (H+ > Li+ > tetramethylammonium ≈ Na+ > 
tetraethylammomium ≈ K+ > Rb+ > Cs+) without changing the doping level or polaron density.  This 
variation is not caused by an interface dipole, but by a systematic shift in the mean Madelung 
potential at the polaron sites, in agreement with electrostatic modeling of the local ionic structure.  
The disorder in this potential increases localization of the polarons, as experimentally observed in 
the lattice phonon dispersion and in electromodulated site-selective de-doping. 
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5.1 Introduction 
 
The electronic structure of doped organic semiconductors (OSCs) in general, and their work-
function (φ, i.e., the gap between Fermi EF and vacuum Evac levels) in particular, is of fundamental 
importance to their physics and technology.1  For doped polymer OSCs, this φ is key to their 
electrochemical stability and charge-injection barriers.  In contrast with rigid-band semiconductors, 
polymer OSCs have very high doping densities (≈ 1020 cm–3) and poorly screened charges.  Hence 
Coulomb interactions should dominate the energy spectrum of their carriers.  While this has not yet 
been clarified, ultraviolet photoemission spectroscopy (UPS) has firmly established that with 
chemical doping, EF moves away from mid-gap towards the appropriate frontier level (i.e., highest-
occupied molecular orbital (HOMO) for p-doping), qualitatively resembling the behavior of rigid-
band semiconductors, except that lattice relaxation generates intra-gap states that pin the EF 
ahead of the frontier level.2,3  The doping level (i.e., charge /ring) of these OSCs can be controlled 
chemically or electrochemically.4,5  Because the in-gap density-of-states D(E) are drawn from 
molecular orbitals of the undoped OSC, it was often supposed that the φ of doped OSCs depends 
primarily, aside from doping level, on their chemical structure.  Here we show that φ is in fact 
largely determined by the Madelung potential set up by the local ionic environment in which the 
polaron charge carriers are embedded.  We show it is possible to tune φ over a eV-wide range 
simply by adjusting this potential through the use of spectator ions without changing the nature or 
doping level of the OSC.  This effect probably contributes to φ variation in nominally identical 
doped OSCs prepared via different routes.6,7 
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p-Doped poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) (PEDT:PSS) provides a 
excellent system to investigate this Madelung effect. The parent PEDT:PSSH is highly 
processability and robust, and hence technologically important.8  We have shown in chapter 2, that 
PEDT:PSSM daughters can be prepared from this parent in a well-controlled way by ion-exchange 
dialysis9,10 of the excess H+ with M+ without modifying the morphology or doping level of the PEDT 
core.  Hydroxide-base neutralization11,12  however cannot be used because of chemical de-doping 
and degradation. M+ is a spectator which compensates the excess PSS anions, and not the hole 
polarons (h+).  Thus these PEDT:PSSM daughters otherwise share the same PEDT chain-length 
distribution (≈ 12–20 rings/ chain),13 doping level (≈ 0.3 h+/ ring, i.e., 3.5–6 h+/ chain),10 and similar 
network morphology from the similar volume electrical percolation threshold.  
 
 113 
5.2 Experimental methods 
 
5.2.1 Preparation of PEDT:PSSM 
 
PEDT:PSSM with monovalent cations from the alkali metal (M = Li,…,Cs) and the 
tetraalkylammonium (M = tetramethylammonium TMA, tetraethylammonium TEA) series, were 
prepared by dialysis of 1:2.5 mol/mol aqueous PEDT:PSSH (Baytron P, Leverkusen) against 
aqueous M acetates (ionic strength ≈ 0.2 M) until 99+% completion, and then for purification 
repeatedly against Millipore water through a 12kD-molecular-weight cutoff membrane.(Similar 
conditions as per preparation of PEDT:PSSTMA in chapter 2)9,10  The pH of the solution was below 
≈ 5–6 to avoid hydroxide damage.  These cations are redox-stable, gave stable PEDT:PSSM 
solutions that are filterable through 0.45-µm membranes, and which can be stored > 1 y at room 
temperature without aggregation.  PEDT:PSSH was also purified by dialysis, first against 
semiconductor-grade hydrochloric acid (≈ 0.2 M), and then repeatedly against Millipore water to 
remove Na+, quaternary-ammonium and hydrolysis by-product contamination.  All the experiments 
reported here were thus performed on high-quality PEDT:PSSM materials rigorously purified of 
adventitious ion contamination.   
 
5.2.2  Electroabsoprtion spectroscopy 
 
Electroabsorption spectroscopy is the study of the effect of an applied electric field on the 
characteristic light absorption (or emission) spectrum of a material. For our setup, we use a 50W 
quartz-tungsten-halogen lamp which light output is focused onto a monochromator (Newport 
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CS260, F/3.9). Monochromatic light output is collected by the optical fiber. The device is housed in 
a  temperature-controllable cryostat(10-300K, APD HC-2) where pressure of 10-6 torr. The light is 
reflected from the device and collected by the photodiode (Burr Brown, OPT301M) and lock-in 
amplifier (Stanford Research, SR830). All optical components (lenses and windows) in the optical 
path are made of quartz and are kept at F/4 to be consistent with the monochromator.  A 
modulated drive voltage V=Vdc +Vac is applied to the device. A schematic of the setup is shown in 
Figure 5.1. 
 
Figure 5.1 Schematic setup of the electroabsorption rig. (Schematic drawn by Mi ZHOU) 
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5.2.3  Ultraviolet photoelectron and Raman spectroscopies 
 
Ultra-violet photoelectron spectroscopy was performed using ESCALAB MKII with details as per 
section 1.3.5 respectively. Raman spectroscopy was performed using a Renishaw 2000 
microscope with details as per section 3.2.3.  
 
 5.2.4 Preparation of samples 
 
Before all measurements, the films were baked at 150ºC (hotplate) in the glovebox (pH2O, pO2 < 1 
ppm) to remove coordinated and physisorbed water.  The films were thus investigated in their 
dehydrated state in vacuum or N2 (similar to the state in polymer diodes).   This has been 
confirmed by XPS which found an O/S atomic ratio of 3.15 (theo. 3.0), which proves the absence of 
H2O in the cation coordination shell.  In this state, PSSH is un-ionized, i.e., in the form of –SO2OH 
(FTIR, cm–1: νasSO2 = 1352; νsSO2 = 1173; νOH = 909), which provides a polar but non-ionic 
matrix in which the PEDT+ is dispersed.  On the other hand, PSSM (M ≠ H) is always ionic, i.e., in 
the form of –SO3–…M+ (νasSO3– = 1192; νsSO3– = 1130), in which PEDT+ is dispersed with a ratio 
of M+ to h+ of ≈ 8–10. 
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5.3 Results and discussion 
 
5.3.1 Work function shifts and the Madelung potential 
 
Figure 5.2a shows the systematic shift of EF  by 1 eV for PEDT:PSSM films deposited on 
evaporated Au substrates.  EF was determined from the usual Fermi step of a metal reference, and 
Evac from the low-energy secondary electron cutoff of the sample.1  No charging occurred owing to 
their conductivity.  The shoulder at –8.25 eV arises from non-dispersive MOs (PM3: PEDT sulfur 
lone pair and PSS phenyl rings, while PEDT π orbitals are at lower and CH σ at higher energies).  
The expanded spectra in the vicinity of EF (Figure 5.2b) do not show a step but a sharp take-off, 
indicating a small D(EF) as characteristic of all the heavily-p-doped PEDT here.  The h+ /ring is 
practically constant, as deduced from the h+ electronic transition, and absence of the 1.4 and 2.0-
eV transitions characteristic of lightly-p-doped and undoped PEDT (Figure 5.3c).14,15   
 
The EF of these materials shifts independently of the deeper-lying MOs and core levels, which rules 
out interface dipole effects (i.e., a change in the Evac offset).  This is explicitly shown for the non-
dispersive MOs with similar escape kinetic energies (Figure 5.2c peak position constant to within 
±0.1 eV in the second derivative spectra).   In fact, the non-ionic core-levels (C1s and PEDT S2p) 
are also constant to within ±0.1 eV when referenced to Evac.   
 
We will show that this φ shift is a bulk effect arising from differential Madelung stabilization of the h+ 
in the presence of its counter and spectator ions.  We consider the h+ site energy to be  εi = εchem + 
 117 
eVM,i  where εchem is the chemical component, and VM,i  the Madelung potential at site i given by 
∑ −επε−= j ij
j
ro
iM rr
qeV
||4
2
, .         [Eq 5-1] 
 
For doped OSCs, we supposed the ionic charges are confined to the interchain space between the 
hydrophobic polymer cores (Figure 5.3a, top), similar to the case in ionomers.16  Despite the lack of 
detailed structural information even for simple ionomers, we assumed these ions are organized in 
multiplets17,18 with local short-range order from charge layering of opposite ions, as is the case 
well-established in 1:1 binary molten salts19 and ionic liquids20 which give nearest- and next-
nearest-neighbor pair-correlation distances similar to their crystalline solids.   
 
We considered several simple high-symmetry structure models in the ion hard sphere 
approximation.  In figure 5.3a (bottom), we illustrate a possible close-packed octapole model with 
C3v symmetry, in which h+ treated as a point charge is in contact with four close-packed sulfonates 
in a tetrahedral arrangement and one M+ nested in each of the three hemi-octahedral holes.   
∑
= −πε
α
−=
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qeV ,         [Eq 5-2] 
Its Madelung energy VM,j is readily evaluated from in which all distances are specified by ionic 
radii,21 but α is now introduced as a global structure scaling factor to accommodate the possibility 
of a small structural dilation and/or distortion, delocalization of h+ which locally averages VM,i, and 
also the effective 1−ε r .  We expect α to be of order unity and < 1, but constant within a family, 
while the Madelung sum itself has zero free parameters.  We also considered an open C3v  
octapole in which the four sulfonates and three M+ are on the vertices of a cubic lattice and h+ 
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occupies the final disorted vertex; a close-packed C2v quadrupole with two sulfonates and one M+ 
close-packed together with h+; and finally an open C2v quadrupole in which these are arranged on 
a distorted square lattice.  We think that such low-level multiplets are sufficient to model VM,i 
because the excluded hydrophobic chain limits the size of the multiplet,17,18 and also the loss of 
pair correlation beyond second-nearest neighbors19,20 smears out the Coulomb contributions. 
 
To model PEDT:PSSH, we used a single term in the Madelung sum corresponding to the nearest-
neighbor sulfonate (d = 4.1 Å, sum of the π–π half-thickness of 1.8 Å and r– of 2.3 Å ).  The next-
nearest sulfonate is ≈ 15 Å and nearly fully compensated by its h+. 
 
Figure 5.3b shows the computed Madelung stabilization plotted against φ for the close-packed C3v 
octapole (for M = Li,…, Cs) and dipole (for M = H) models.  The most remarkable features are the 
excellent linear correlation (R2 = 0.985) across all samples to give a slope of unity at α = 0.48 ± 
0.03, and the eV-scale variation in stabilization.  The evaluated α value is highly reasonable, which 
suggests this primitive model is adequate to model the local ion structure.   The data for M = TMA 
and TEA amazingly regresses also to this line for the close-packed C2v quadrupole model with the 
same α value.  These ions are much larger (r+ = 3.22 and 3.85 Å respectively) than Li+…Cs+ (r+ = 
0.74…1.70 Å) and even sulfonate, and therefore their lower ionic coordination is not surprising.  
The excellent agreement provides strong experimental confirmation of the sequence of local 
charge ordering, i.e., h+ in (near) contact with sulfonate, with M+ as second-nearest neighbors, and 
underlines the relevance of the Coulomb potential landscape to φ and also other properties of the 
charge carriers.   
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The picture that emerges (Figure 5.3d) indicates that while interchain interaction provides a 
sufficiently wide bandwidth for EF holes to reside within an energy continuum,22 the Madelung 
potential plays the central role to determine the EF energy.  Therefore control of the density and 
nature of the counter and spectator ions provides the key to very-high and very-low work-function 
doped OSCs respectively suitable for hole- and electron-injection. 
 
This Madelung effect has several consequences.  Because of disorder, VM,i is expected to fluctuate 
from site-to-site over a fraction of an eV, as has also been observed in liquid charge-transfer 
alloys.23  The VM,I fluctuation due to the positional fluctuations of larger M+  that are also further 
away is weaker.  Hence it should lead to h+ pinning and localization here that decreases across 
H > Li,…> Cs, which have been observed in the phonon dispersion bandwidth and site-selective 
de-doping experiments. 
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Figure 5.2 UPS spectra of PEDT:PSSM thin films deposited on evaporated Au substrates, after annealing to 150ºC 
in N2, probed by He 1 (21.21-eV) radiation.  (a)  Valence band region, offset for clarity.  Histogram bar gives the scaled 
PM3 density-of-states.  (b)  Expanded spectra revealing the shape of the density-of-states at EF.  (c)  Second 
derivative spectra showing the energy invariance of the non-dispersive MOs. 
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Figure 5.3 The Madelung potential effect.  (a)  Structure model of PEDT:PSSM and the local ionic environment 
(octapole) at the hole site with C3v symmetry.  (b)  Plot of the UPS work-function against the Madelung potential (see 
text).  (c)  Thickness-normalized transmission spectra of PEDT:PSSM ≈ 0.3 µm on intrinsic Si (IR), and ≈ 0.05 µm 
on fused silica (UV-Vis-NIR).  (d)  Schematic diagram of doped polaron density-of-states. 
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5.3.2 Phonon dispersion from Raman spectroscopy 
 
For a given PEDT chain-length distribution and doping level,24,25 delocalization of the h+ reduces 
the charge-density and bond-order fluctuations,26,27 which then increases intra-chain phonon 
coupling and phonon dispersion bandwidth (i.e., the change of frequency with different pseudo-
wavevectors k’)  We examined the ν2+, ν2–, ν3+ and ν3– Raman modes (in cm–1: ν2+ ≈ 1500–1515, 
ν2– ≈ 1455–1460, ν3+ and ν3– ≈ 1425–1445), and the νCS doping-induced infrared active (IRAV) 
mode (≈ 830–845), which are not strongly admixed with vibrations of the 3,4-ethylenedioxy, and 
computed their variation with ethylenedioxythiophene (EDTn) oligomer length at the scaled PM3 
level.28 
 
The dispersion of these modes (Figure 5.4a) is found to track with the effects of delocalization with 
increasing oligomer length computed by theory (Figure 5.4b).  This suggests that the intra-chain 
phonon coupling indeed enhances across H > Li,… > Cs, and h+ delocalization increases as 
predicted, consistent also with the red-shift of the population-averaged h+ spectrum (Figure 5.3c).   
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Figure 5.4 Effects of disorder of the Madelung potential.  (a)  Experimental phonon mode positions of PEDT:PSSM, 
displaced for clarity on the ordinate axis.   The mode positions were accurately identified through the second derivative. 
(b) Computed dispersion for EDTn oligomers.  
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5.3.3 Electroabsorption spectroscopy – selective dedoping of PEDT:PSSM chains 
 
Electromodulated absorption (EA) spectroscopy performed on ITO/ 50-nm PEDT:PSSM/ 105-nm 
polystyrene (PS)/ Ca metal-insulator-metal capacitors (Figure 5.5) reveals a systematic behavior in 
the electrostatic de-doping of PEDT.  Because PS is a wide-gap insulator that does not support 
injection, the Vis-NIR EA response arises solely from the modulated capacitive charging of PEDT 
at the PS interface.  The absence of polarity dependence as the applied Vdc is swept across the 
built-in potential rules out the usual Stark effect.29   The induced absorption occurs in-phase with 
the negative half-cycle of applied Vac on PEDT, which thus probes states generated by the de-
doping.  The modulated interface charge density acro Vd
εε
=σ∆  is ≈ 1x10 –8 C cm–2 (≈ 1% of a 
PEDT monolayer).   
 
In the absence of counterions, Coulomb repulsion dominates the interaction between h+26,27 which 
should cause statistical de-doping among PEDT chains.  In the presence of counterions however, 
there is evidence15 of the co-existence of de-doped and doped segments, perhaps related to the 
cooperative Madelung stabilization effect described here.  The observed behavior varies with M 
between these two limits.  For M = H, the de-doped sites are distributed, producing a barely 
detectable lightly-p-doped state (1.4 eV) but not the neutral state (2.0 eV) which requires a 
correlated loss of 3–6 h+/ chain. For M = Li however this neutral state begins to emerge; for M = Cs, 
the neutral state dominates, indicating reversible electrostatic de-doping of entire PEDT chains.  
This crossover from distributed to correlated de-doping appears consistent with a more uniform 
Madelung potential across the H, Li,…, Cs series, resulting in the greater ease of de-doping of 
entire chains. 
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Figure 5.5 Electromodulated absorption spectra of the PEDT:PSSM/ PS interface measured in reflection. (Data 
collected by Mi ZHOU). 
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5.3.4 Variable temperature conductivity measurements of PEDT:PSSM 
We considered whether the Madelung potential fluctuation would lead to measurable differences in 
the thermal activated transport of h+.  Variable-temperature four-in-line probe measurements 
(Figure 5.6) reveal a universal behavior for a large temperature range from room and hence h+ 
transport is not limited by this disorder but perhaps by interchain coupling. 
 
 
Figure 5.6 Variable-temperature conductivity of  30vol% PEDT:PSSM presented in the Mott variable-range plot. 
Devices are measured in vacuum. 
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5.4 Summary 
 
In summary, we have obtained direct evidence for the role of Madelung potential in determining the 
Fermi energy.  This reveals a new mechanism to manipulate work-function through the density and 
nature of ions present.  Polarons that arise from injection, bulk-doping and interface-doping see 
different potential landscape, which explains why electrochemical measurements made in the 
presence of counterions5 are necessarily of limited utility in predicting the density-of-states in 
semiconductor devices that are counterion-free. 
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Chapter 6:   Outlook 
 
Several properties of PEDT:PSSH as a hole-injecting layer have been investigated in this work. In 
particular, the electrical instability and electromigration of PEDT:PSSH have been examined in 
detail and methods of stabilization have been demonstrated. For organic light emitting diodes, we 
think this has immediate implications for enhancing the lifetime. The lifetimes of organic light 
emitting diodes seem to be presently limited by electron escape from the light-emitting layer, which 
then results in injection-dedoping formation of a highly resistive interfacial layer.  For organic field-
effect transistors, current densities in field effect transistors are likely to be larger than those used 
in organic light emitting diodes and hence are likely to encounter electrical instability issues when  
conducting polymers such as PEDT:PSSH are used. This information provides direction for future 
design of conducting polymers to allow for large current densities. The systematic tuning and 
understanding of the work function of PEDT:PSS are of direct relevance to the device physics of 
organic semiconductors. The understanding of the energy levels of different organic materials allow 
for the design of future materials and device architecture of organic devices.  
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